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IntVaductory  Paper 


EXPERIMENTATION 


h,  Zernow 
Director  of  Research 
Ordnance  Division 
Aerojet-General  Corporation 

Last  week  while  gathered  at  the  dinner  table,  my  kids  having  heard  that 
I  was  leaving  town  for  a  week,  asked  me  where  1  was  going.  I  informed 
them  that  I  was  going  to  attend  a  Symposium  on  Hypervelocity  Impact. 
They  asked  me  what  a  Symposium  was,  and  1  of  course  took  great  delight 
ill  indicating  the  dictionary  definition  of  a  Symposium  as  essentially  a 
"drinking  party".  However,  I  was  quick  to  point  out  that  this  Symposium 
was  not  going  to  be  that  kind  of  affair.  Rather,  it  would  consist  of  a 
group  of  people  who  would  gather  together  to  air  their  differences.  One 
of  my  "wiee-guy"  kids  was  quick  to  comment  that  this  was  also  what  went 
on  at  a  nudist  camp.  1  was  slightly  nonplussed  at  the  moment,  but  1  must 
admit  that  the  proceedings  of  yesterday's  "rump  session"  were  quite 
revealing.  Enough  of  this. 

Having  been  asked  to  discuss  the  historical  aspects  of  experimental  work, 
I  will  take  this  opportunity  to  make  a  few  critical  remarks  about  experi¬ 
menters  and  their  claims  for  experimental  techniques.  However,  I  will 
also  comment  on  the  relationship  of  experimenters  with  the  theoreticians. 


1 


■ 

t 


INTRODUCTORY  T»APER  -  EXPERlM^TA'tiON  ~ 

I  feel  no  qualms  about  some  comments  on  theory  since  other  introductory 
speakers  have  seen  fit  to  intersperse  their  remarks  with  experimental 
comments. 


i 


t 


I  A  convenient  way  to  introduce  the  historical  aspects  of  the  discussion  is  to 

review  the  proceedings  of  the  previous  (5th)  Symposium.  Dr.  Eichelborger 
gave  both  the  introductory  status  review  and  the  final  summary  review  at 
i  that  symposium  and  since  it  was  done  so  well,  I  will  draw  on  his  material 

j 

freely.  This  will  serve  two  purposes.  It  wilt  give  some  feeling  for  the 
progress  that  was  made  at  that  symposium  and  will  bring  us  to  a  point  of 
departure  from  which  we  can  assess,  on  the  basis  of  the  material  we  hear 
at  this  meeting,  how  much  progress  has  been  made  in  the  interval  between 
symposia.  1  don't  always  agree  with  Bob  in  his  summary  statements. 

Where  I  disagree,  1  will  so  indicate  and  provide  reasons  for  my  disagree¬ 
ment.  Despite  this  disagreement  I  would  like  to  say  that  Bob  did  an  excellent 
job  in  his  summarizing  activities. 


I  have  made  a  tabulation  which  briefly  summarizes  Bob's  comments  before 
and  after  the  5th  Symposium.  He  breaks  his  comments  down  into  discussions 
of  specific  aspects  and  this  same  breakdown  is  followed  in  Table  I.  He  sum¬ 
marizes  separately  the  subjects  of  the  effects  of  velocity,  mass,  shape  and 
density  of  the  fragment.  He  also  comments  upon  wave  propagation,  com- 
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INTRODUCTORY  PAPER  -  EXPERIMENTAtlON 
presaibility  and  strength  in  the  target  as  well  as  the  effects  of  obliquity 
in  the  impact. 

1  disagree  in  a  number  of  places  with  regard  to  the  assessment  of  the  status 
after  the  5th  Symposium.  Let  me  state  my  disagreements  in  the  hope  that 
further  discussion  may  provide  additional  insight. 

First,  on  effects  of  velocity,  there  still  appears  to  be  experimental  data 
which  is  not  in  agreement  with  the  hypothesis  of  crater  volume  being 
proportional  to  V^.  An  example  of  such  data  which  is  of  particular  interest 
in  the  light  of  yesterday's  "rump  session"  on  theory,  was  obtained  by 
Frazier  and  Karpov  in  wax  targets  (Ref.  1). 

It  is  useful  also  to  remember  that  theoretical  considerations  indicate  that 
as  velocities  increase  to  the  point  where  additional  energy  absorbing 
processes  become  important  (e.  g. ,  melting,  boiling  and  even  ionization), 
the  velocity  exponent  will  increase  further.  Hence,  it  will  become  neces¬ 
sary  to  specify  the  velocity  ranges  associated  with  specific  energy  partition 
mechanisms. 

Therefore  a  particular  exponent  reputed  to  represent  either  momentum 

or  kinetic  energy  dependence  may  be  an  accident,  and  should  not,  in  my 

Ree.  (1)  Proceedings  of  5th  Symposium  on  Hypervelocity  Impact, 

Vol.  1,  Part  2,  pp  371-388. 
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opinion,  serve  as  an  object  of  sentimental  attac~hment,  or  be  given  the 


appearance  of  being  innately  physically  logical.  The  theoretical  treat¬ 


ments  should  be  helpful.in  assigning  the  proper  changes  in  the  exponent 

>■  s 

with  increasing  velocity  even  if  they  don't  appear  to  agree  at  the  moment 
with  respect  to  the;^exponent-.itself. 


A  second  point  q^discussion  concerns  the  effect^bf  projectile  density. 

The  paper  by'A.  E.  Clshakqr  and  R.  L.  Bjork  (Ref.  2)  in  my  opinion 
makes  a  very  significant  contribution  to  an  lmpr,oyed<  correlation  of  the 
effects  of  projectile  and  target  density  u^on  the  cratering  process  and  1 

*L 

believe  that  Bjork  in  his  introductory  paper,  earlier  at  this  meeting,  has 


referenced  additional  experimental  data  in  support  of  their  basic  hypothesis 


that  the  target  and  projectile  densities  affect  the  cratering  process  directly 
at  a  given  velocity,  by  fixing  the  initial  particle  velocity  field  in  the  pro¬ 


jectile  and  the  target.  These  can  be  specified  when  the  Hugoniots  for  both 


target  and  projectile  are  known.  Further  experimental  checks  of  the 


Olshaker -Bjork  hypothesis  should  prove  to  be  of  great  interest. 


I  am  somewhat  puzzled  about  Bob's  conclusion  regarding  lack  of  correlation 
of  crater  data  with  target  Hugoniote,  under  the  heading  of  target  compres¬ 
sibility.  The  theoretical  methods  (e.  g. ,  numerical)  make  full  use  of  both 
the  projectile  and  target  Hugoniots.  In  any  case,  target  compressibility 


Ref.  (2)  Proceedings  of  5th  Symposium  Vol.  I,  Part  1,  p  185. 
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is  taken  into  account  In  computational  techniquee  reported  at  previous 
symposia  by  Bjork, 

1  find  myself  in  agreement  with  Bob  on  the  subject  of  strength  effects,  in 
the  sense  that  these  appear  at  present  to  persist  somewhat  beyond  the  point 
where  one  might  have  expected  them  to  become  negligible.  However,  17 
km /sec  data  with  tiny  beryllium  fragments  on  aluminum  does  not  really 
constitute  as  severe  a  check  as  it  may  appear  at  first  glance,  since  the  pres¬ 
sures  induced  by  the  tiny  beryllium  fragments  decay  rapidly  and  also  reflect 
the  effects  of  density  differences.  Therefore  they  are  at  a  level  consider¬ 
ably  less  than  one  associates  with  aluminum  on  aluminum  impact  at  17  km/sec. 

Further  experimental  chocks  would  clearly  be  very  useful. 

Dr.  Fichelberger 's  general  conclusions  at  the  end  of  the  5th  Symposium  are 
summarizable  as  follows: 

ON  THE  DIM  SIDE 

(1)  "The  purely  empirical  approach  to  the  hypervelocity  impact 
problem  has  been  singularly  unproductive.  " 

(2)  There  has  been  a  "regrettable  lack  of  perception  in  the 
analysis  of  the  data  obtained.  " 

(3)  "It  is  ----  discomforting  to  realize  the  amount  of  effort 
expended  for  so  little  gain.  " 

1  think  Bob  has  summarized  the  dark  side  of  the  situation  with  excellent  insight. 
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ON  THE  BRIGHT  SIDE 

(1)  "The  future,  on  the  other  hand  seems  to  hold  particularly 
bright  promise.  Combinations  of  the  new  projectile 
techniques  with  the  methods  descri  v  d  for  observing 
transient  conditions  should  finally  provide  a  definitive 
test  of  the  theoretical  results  as  well  as  the  urgently 
needed  empirical  data.  “ 

It  might  be  useful  to  mention  that  the  new  experimental  techniques  referred 
to  were  described  at  the  5th  Symposium,  and  may  be  summarized  as  follow 

(1)  A  new  explosive  pruJeLtiun  technique  claiming  21  km/sec 
fragm  enta. 

(2)  An  Improved  electrostatic  projection  technique  for 
micro-particles  claiming  14  km/sec  and  25  km/sec. 

Without  in  any  way  disputing  the  legitimacy  of  these  specific  claims,  I  be¬ 
lieve  it  is  worth  mentioning  that  in  addition  to  Dr.  Charter's  "psychotic 
projection  techniques",  there  has  also  been  evident  in  the  past  a  tendency 
for  what  I  would  like  to  characterize  as  "verbal  projection  techniques". 
These  are  not  always  easily  recognizable  but  they  are  characterized  by 
the  use  of  copious  amounts  of  "hot  air"  as  the  working  substance,  and  they 
can  be  found  over  the  whole  field  of  projection  techniques.  Perhaps  I  am 
being  unnecessarily  brutal  but  I  believe  the  following  needs  saying: 


.j^TR^^UCTORY'PAPER  * 

ExperimentaUsta  ahoald  be  conservative  in  their  claima;  much  more 
heavily  guided  by  available  theory:  much  more  careful  with  their  measure¬ 
ments;  and  should  recognize  an  obligation  not  only  to  project  material  at 
high  velocity:  but  to  obtain  useful  terminal  ballistic  data  as  well. 

I'm  sure  we  will  all  be  anxious  to  see  how  the  new  projection  techniques 
described  at  the  5th  Symposium  have  helped  us  solve  our  hypervelocity  im¬ 
pact  problems  in  the  interval  between  these  symposia. 

1  have  one  more  theme  to  pursue  before  I'm  finished.  This  concerns  what 
I'd  like  to  call  the  “loss  than  perfect”  projection  techniques.  Back  in  1955 
at  the  first  Rand  Symposium  on  Hypervelocity  Impact,  everyone  was  hoping 
that  those  techniques  which  could  provide  hypervelocity  fragments  of  pre¬ 
cisely  specified  mass  and  shape  would  soon  become  available  in  the  very 
high  ranges  of  projection  velocity.  With  the  exception  of  the  light  ga3  gun 
technique  which  has  continued  to  make  significant  though  slow  progress, 
those  hopes  for  a  "perfect  projection  technique"  have  been  largely  unful¬ 
filled.  At  that  1st  Symposium,  a  number  of  "less  than  perfect"  techniques 
were  described  by  the  speaker,  and  a  plea  made  for  their  use  pending  the 
attainment  of  the  "perfect"  techniques.  However,  it  was  not  until  five  year 
later  that  the  realization  of  the  failure  of  most  of  the  "perfect"  techniques 
to  materialize  became  sufficiently  apparent  to  permit  the  application  of 
these  "imperfect"  but  useful  methods  for  the  actual  acquisition  of  terminal 
ballistic  data. 
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Mr.  Kreyenhagen  (Ref.  3)  has  described  the  modified  shaped  charge 
technique  which  has  produced  terminal  ballistic  data  in  the  range  up  to 
38,000  feet  per  second.  This  is  stilt  a  substantially  higher  velocity  than 
is  even  attainable  at  present  with  the  light  gas  gun.  It  is  furthermore  much 
higher  than  the  velocity  range  in  which  a  useful  amount  of  light  gas  gun 
data  has  been  obtained.  There  may  even  be  a  serious  question  as  to  whether 
the  light  gas  gun  technique  will  produce  a  well-defined  fragment  if  and  when 
it  attains  a  projection  velocity  of  38,000  ft/.sec.  The  results  of  an  extensive 
set  of  experiments  involving  the  projection  of  aluminum  fragments  against 
an  aluminum  target  are  shown  in  Figure  1. 

I'm  not  sure  I  can  assess  the  value  of  such  data  presented  at  this  time,  nor 
can  1  precisely  evaluate  its  enhanced  value,  had  it  been  available  five  years 
ago.  I  am  sure,  however,  that  the  "leiss  than  perfect"  techniques  represent 
a  means  for  attaining  otherwise  inaccessible  velocities  with  fragments  of 
useful  size  in  the  range  of  10  grains.  Furthermore,  the  very  careful  ex¬ 
perimental  and  instrumentational  techniques  which  are  absolutely  necessary 
to  make  such  projection  methods  useful  for  the  acquisition  of  data,  are 
also  desirable  for  even  the  "perfect  techniques". 

I  therefore  make  an  additional  plea  to  those  of  you  in  the  audience  who  are 
in  a  position  to  support  work  aimed  at  the  acquisition  of  terminal  ballistic 

Ref.  (3)  Kreyenhagen,  K,  N.  ,  et  al.  Special  Explosive  Projectors. 

Proc.  of  the  Sixth  Hypervelocity  Impact  Symposium,  Vol.  I, 
p.  349,  1963. 
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data.  By  all  means,  continue  to  support  the  “perfect"  techniques  and 
any  bright  new  ideas  which  may  provide  a  breakthrough  in  attaining  hyper¬ 
velocities  with  initially  specified  fragments,  checking  of  course  to  assure 
that  the  working  substance  ra.-hot  "hot  air/i. /'However,  I  urge  you  not  to 
'falter  in  your  -aupport  of  the  "less  than  perfect"  techniques  where  the  < 
vclocitie&,-.are  well. outside  of  the  range  of  the  "perfect*!  methods,  or  where 
.t,he  particular  fragment  shape's  required  are ‘not  i'eadily  p’rojected..by  the^  >•. 

•  ...  ^  y,-'n  ‘  .. 

,  ,'...V  J  •*  -  ■  --  ^  .  •••  .  ^  ,  -  . 

■'Perfect  methods  fOriit  ia  in  the  higher  velocity  ranges  that  a  basis.for 

.  resolving  the-current  theoretical  dilemma  can  be  obtamed  experimentally'. 

.  .„'■  .'.'v.  .v;.  f/.?' 

I.;am  deii'ghte.d  to‘“8-ee.,that  Mr*  Kronman  of  BRil/has  succeeded  in  obtaining 

i-*'  .  .".O'-  ■*  -■  ■■  "i  '-f*!':  - 

a, reasonably  well-defined  "inhibited  Jet"* and  also  a'^cviihdricar'"long'  rod",. 

'  *  .  -r  .  ••  .  ■*}  .  *  *•  ‘c  *''' 

'  ■  ^ ..-'V ^  V--':;.  .v- ^  ■ 

jot.  ■  These-ar'e'-additiohat  exampjles  of  the  value  or"l,ee8  than  perfect" 

'■''•■X:  '  '  -  .fi-"'/-  :  ■ 'V  ■/■■  -i  ‘y  ''.'-V  tv' 

technique8''and'’their  rapid  application  to'  the  problem' of.  hyper.yeloCity  , iin- 

pact; should  be  encouragedi;  K.v  •  '  ■/.  '  '.  ■' 

r  •  .  ••  r..-  w  •  V.  •.  ‘i  :  •  ‘ 


I'd  .Uke  to  'clbs.e -bymbfing.^that  it  is  clear.  that'’tHepr'e'ti'cal  p'rogr'e'ss,  despite 

'  --A  -v/v,  ,-,v  V 

the  disagreement,  is  rapidlyfjlea.yingMthe, experimentalists,  behind..  'Yet, 

ma j of , de ci sipns ,’^nbt;.,ohiyJ.regar ding^  of  _ tr em endpu a  fis  cal 

;VV"-  v:  '  ••  '  • 

impact;  ar^e  goirig'to  ;haive  to'^be  made  ^on.^the  basis  d£  ovir  efforts'.-  The 

.1'  \  •  V' 

manner  in  which,we^ri8e,.to.  thi8^chaUenge  can  have  far-reaching  effects,. 

A--'- *.f>  1  ;  V'>-pr.:w.c '  y'-.V  °  V;’  r,."  ' 

;^V''  -..^y  v.  .  - 
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TWO  DIMENSIONAL  ANALYSIS  OF  A  HYPERVELOCITY 
IMPACT  UPON  A  Vise O- PLASTIC  PLATE 

by 

H.  Kraus 

SUMMARY 

Previous,  one* dimensional,  iinalyseB  of  this  problem  have  assumed 
that  no  radial  velocities  are  induced  in  a  thin  target  plate  by  an  im¬ 
pacting  particle.  They  have  also  Ignored  variations  of  the  axial 
velocity  (and  radial  velocity)  through  the  thickness.  In  this  paper  we 
remove  these  restrictions  and  present  the  results  of  a  two-dimensional 
analysis  of  a  hypervelocity  impact  upon  a  visco-plastic  plate.  The 
radial  velocities  are  found  to  be  quite  small  when  compared  to  the 
axial  velocities  except  at  the  edge  of  the  impact  rone.  Numerical 
results  for  the  radius  of  separation  obtained  with  the  present  theory  arc 
found  to  be  less  than  those  obtained  in  the  previous  theory  because  of 
differences  in  the  manner  of  itiitiation  of  the  impact  process  in  the 
two  analyses. 
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INTRODUCTION 

P.  C.  Chou  (1),  {^*  has  postulated  that  under  the  pressures  attending 
a  hyper  velocity  impact  upon  a  thin  plate,  the  plate  behaves  as  an  in* 
compressible,  visco-plastic  (Bingham)  material.  He  presented  an 
analytical  solution  to  the  problem  of  the  one  dimensional  perforation 
of  such  a  plate  by  a  hypervelocity  particle.  T.  O.  Riney  (^)  also  used 
the  concept  of  a  visco-plastic  material  in  his  one  dimensional  numerical 
analysis  of  a  hypervelocity  impact  between  two  semi-infinite  compres¬ 
sible  masses. 


In  the  present  investigation  we  are  concerned  with  a  two-dimensional 
analysis  of  the  impact  of  a  hypervelocity  particle  upon  an  incompres¬ 
sible  visco-plastic  plate.  The  salient  features  of  the  analysis  are  its 
inclusion  of  both  a  radial  and  an  axial  velocity  component,  and  the 
satisfaction  of  prescribed  boundary  conditions  on  the  surfaces  of  the 
plate  as  well  as  around  its  periphery.  The  previous  analyses  (1),  (2) 
were  restricted  to  one,  axial,  velocity  component  and  boundary 
conditions  could  thus  bo  prescribed  only  at  the  outer  periphery  of  the 
plate  and  at  the  outer  radius  of  a  cylindrical  slug  of  the  plate  material 
which  moves  as  a  rigid  body  under  the  influence  of  the  incoming  particle. 


^Underlined  numbers  in  parentheses  denote  references  listed  at  the  end. 
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TWO  DIMENSIONAL  ANALYSIS  OF  IMPACT 

MATHEMATICAL  FORMULATION  OF  THE  PROBLEM 


We  consider  the  h'ypervelocity  impact  of  a  cylindrical  projectile  of 
radius  Tp  upon  a  visco-plastic  plate  of  outer  radius  a  and  thickness 
'2h.  and  we  assume  that  the  process  Is  initiated  by  the  pressure  of  im- 
pacti>,PQ,  .acting  over  ^'n  area  of  radius  rp  on  the  forward  surface 
(z  =-h)r.of  the  plate.  The  gbverhing’eciuations  for  the  visco-plastic 
material  have  been  given  by,,  among  others,  W,  Prager  (4)  and 
appear  as  follows:  •• 


ar  ^  r 

$  -  I* 


— ■ :  ^ 

~  ^  2>  t 

»  :?£r 

^  2>t 
«= .  .  O  ■ 


(radial  equilibrium) 
(axial  equilibrium) 
(continuity  equation) 


where  cylindricarsymmetry  has  been  assumed,  Jn- the  foregoing 
equations  r,  z,  6  are,  respectively, ••the  raidial,  axial  andi  tangential 
directions,  u  and  w  are  the  radial  and  axial  velocities,  ^  is  the 
density  and  D/Dt  is  the  substantial  derivative.  In  a  visco-plastic  • 
material  no  flow  occurs  until  the  shear  yield,  k,  is  reached,  and 
thereafter  the  stresses  are  given  by  (4) 
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where  Is  the  viscosity  and 

-3/3  =r  CP  ^  ^  ^ 

r  = 

If  we  substitute  the  stress  expressions  into  the  equilibrium  equations 
and  if  we  assume,  as  did  Chou,  that  in  the  Initial,  Important,  stages 
of  the  process  the  quantity  k,  making  k/1  negligible  in  comparison 
to  ^  the  equations  reduce  to  the  sef** 


In  the  foregoing,  dimensionless  (primed)  quantities  have  been  defined 
as 


and  if,  for  instance,  Po  is  taken  as  the  dynamic  pressure  of  impact 


where  V ^  is  the  velocity  of  the  incoming  particle^ and  the  target  and 
particle  are  assumed  to  be  of  the  same  material. 


■^KThe  assumption  ^>3  k  states,  in  effect,  that  initially  the  plate 
behaves  as  a  viscous  fluid. 
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In  terms  of  the  dimenalonleaa  variablea  we  may  alao  define  dimension¬ 
less  stresses  as  (recalling  thatly«>?  k) 


'o 


A*  ^  ^  ^ 


3^* 


It  is  seen  that  the  equations  (A)  are  non-linear.  We  thus  assume 


solutions  in  the  form 

(V 

\ 

5!r 

II 

*•  • 

/S/'  e  ^ 

.  .  .* 

Upon  substitution  of  the  set  (B)  into  the  set  (A)  and  collection  of  like 
powers  of  y  we  obtain  (dropping  primes) 


» 
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In  terms  of  the  dimenslonleas  variables  we  may  also  define  dimension' 
lees  stresses  as  (recalling  thatI/(>7  k) 


-> '  »*■  ' 


a  -p. 


9k ' . 

P/-'. 


It  is  seen  that  the  equations  (A)  are  non-linear.  We  thus  assume 
solutions  in  the  form 


a'  s  u,  yu^  , 

^ 


(B) 


Upon  substitution  of  Ihc  set  (B)  into  the  set  (A)  and  collection  of  like 
powers  of  y  we  obtain  (dropping  primes) 


i 


I 

! 


! 


I 
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and 

^  JA.  _  ^ 

^  7F  '  r'- 


•ST  7}  - 


9c4r, 


O 


(D) 


and  BO  on  for  the  higher  terms.  The  solution  of  the  set  (C)  represents 
a  "first  approximation"  in  which  the  convective  terms  are  ignored. 

The  "second  approximation"  is  obtained  by  solving  the  inhomogeneous 
set  (D)  and  so  on. 


As  stated  at  the  outset,  the  process  is  Initiated  by  the  dynamic  pressun: 
of  impact,  acting  suddenly  over  an  area  of  radius  rp,  on  Ihe  forward 
surface  (z  =  -h)  of  the  target  plate.  The  initial  conditions  of  the 
problem  thus  .ire 


ii(r ,  z,  o)  = 

and  the  boundary  conditions  (for  t 

/>  =  r<>s  a 

These  conditions  are  sufficient  to 
will  insure,  through  its  definition 


w  (r,  z,  o)  -  p  (r,  z,  o)  s  o 
>  o)  are 

OfrfO.. 

solve  the  problem  completely  and 
that  the  axial  stress  vanishes  at 


the  surfaces  of  the  plate  except  over  the  portion  where  the  pressure  Pq 
acts;  there,  the  axial  stress  is  equal  to  the  negative  of  the  applied 


19 


TWO  DIMENSIOKAL  ANALYSIS  OF  IMPACT 


pressure.  The  implications  of  these  boundary  conditions  and  of  the 
present  formulation-will  be'.discussed  ^ore  fully  at  the  end. 

SOLUTION  -  : 

In  the  present  analysis  we  restrict  ourselves  to  the  "first  approxi* 
mation"  wherein  the  non-linear  terms  ife  neglected-  We  are  thus  con¬ 
cerned  with  the  solution  of  the  set  of  equations  (C).  To  begin  we  apply 
a  Laplace  transformation  (6)  with  respect  to  time  to  equations  (C) 
and  thus  convert  these  to  the  set 

sci  ^  ^  ^‘ei  ~  , 

jic-  m  - 

where  the  barred  quantities  are  the  transformed  dependent  variables. 

8  is  the  Laplace  transform  parameter  and  the  initial  conditions  have 
been  utilized  in  the  transformation  of  the  time  derivatives.  If,  now, 
we  acoume  that  the  space  variablea  are  separable;  that  is, 
u  =  Ri  (r)  Zj  (z),  w  =  R2  (r)  Z2  p  =  R3  (r)  Z3  (z),  then  the 

equations  cm  be  decomposed  as  follows  (£): 

- 


V 
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where  ^  is  a  separation  constant.  It  follows  &at  for  bounded 
results  at  r  =  O  the  solutions  to  the  first  two  equations  above  are  the 
Bessel  functions  R2  (r)  =  R3  (r)  =  ^t),  Rj  (r)  =  (  C(  ^r). 

The  separation  constant  0(  is  found  from  the  requirement  that  the 
pressure  vanish  at  r  =  a.  This  gives  Of  ^  as  the  roots  of  the  equation 


where  n  =  1,2 . 

The  remaining;  z  dependent,  solutions  are  then  obtained  from 

^  ef„  »  <5 

If  7.\  and  arc  eliminated  in  the  preceding  equations  there  is  obtained 
the  following  differential  equation  in  Zji 


O  . 


♦**Note,  for  future  reference  ,  that  the  third  6f  these  equations 
indicates  that  the  vanishing  of  the  z  derivative  of  the  axial  velocity 
implies  the  vanishing  of  the  radial  velocity. 
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The  general  solution  to  the  above  equation  can  be  shown,  by  standard 
methods,  to  be 


and,  furthermore. 


f7s  f  ^ 


The  arbitrary  •;on8tantfl  A^,  C  and  D„  are  determined  from  the 
*  n  ”  n  n 

Laplai^e-* rannformed  boundary  conditions  at  z  *  :i:  h  and  can  be  shown 
to  be 


A  =  _ - 


3^  -  -/In 


'’  ~ S>A'fs7S> ^  ' 


This  completes  the  determination  of  the  transformed  dependent 
variables  of  the  problem,  and  it  remains  now  to  invert  these  quantities. 
The  inversion  is  accomplished  by  use  of  the  complex  inversion  integral 
formula  of  Laplace  transform  theory  and  makes  use  of  the  calculus  of 
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residues  (see,  e.g.  ,  In  tlie  interest  of  brevity  we  omit  the 

tedious  details  of  this  procedure  and  give  the  following  results  of  the 
inversion  process: 

^  g  ^  ^mr) 

S/tU  j 
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NUMERICAL  RESULTS 


As  id  typical  of  Fourier  series  the  convergence  of  the  foregoing 
expressions  is  extremely  slow.  Both  the  partial  sums  and  the  indi. 
vidual  terms,  when  plotted  against  the  summation  index  m,  display 
a  periodic  behavior  with  slowly  decreasing  amplitude  about  an  apparent 
final  result.  This  fact  was  utilized  in  the  criterion  which  was  set  up 
for  ending  the  summation  and  determining  the  final  result. 

Numerical  results  were  calculated  for  a  cylindrical  particle  of  unit 
radius  striking  a  plate  whose  thickness  is  equal  to  one  particle  radius 
(2h/rp  =  1)  and  whose  outer  radius  is  equal  to  ten  particle  radii 
(a/rp  =  10).  The  results  for  a  unit  impact  pressure  (Pq  =  1)  are 
plotted  in  Figures  1,  2,  and  3  which  depict  the  pressure  and  velocity 

as  a  function  of  position  and  time  (all  plotted  quantities  are  dimension- 

« 

less).  It  is  evident  from  these  figures  that  significant  variations  in  the 
dependent  variables  occur  only  within  two  particle  radii  of  the  center 
of  the  plate  and  that  their  values  decay  rapidly  at  larger  distances 
from  the  center.  The  variation  with  axial  position  is  not  too  great 
in  most  instances  except  for  the  case  of  the  pressure  distribution. 


’i'**’>'The  author  is  indebted  to  S,  Auslender  for  conceiving  the  criterion. 
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whose  boundary  values  were  prescribed.  As  could  be  expected  the 
velocities  increase  with  time  and  reach  a  steady  value  (not  shown) 
which  can  be  determined  by  letting  t  grow  without  bound  in  the  velocity 
expressions,  leaving  quantities  dependent  only  on  position.  Comparison 
of  Figures  2  and  3  shows  that  except  near  the  edge  of  the  impact  zone 
(r/Vp  =1)  the  radial  velocities  are  about  one  order  of  magnitude  smaller 
than  are  the  axial  velocities. 

SEPARATION  CRITERION 

Separation  was  defined  by  Chou  (1),  (2)  to  occur  when  the  viscous 
material  could  no  longer  transmit  shear.  He  postulated  that  this 
occurred  when  the  strain  rate  and  the  strain  simultaneously  reached 
critical  values.  Since  the  present  analysis  is  not  one-dimensional  we 
generalise  the  above  criteria  by  specifying  that  for  separation  the 
product  of  viscosity  and  the  strain  rate  invariant  be  equal  to  the  shear 
yield  of  the  material  and  that  the  so-called  effective  strain  (8)  be  equal 
to  Z%.  Mathematically,  these  criteria  are  stated  as  follows; 
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where  f  and  ^  ‘are,  respectively,  the  radial  and  axial  dis¬ 
placements,  These  are  nVitained  by  integrating  the  velocities  with  respect 
to  time.  The  second  condition  can  be  simplified  by  expanding  the 
quadratic  terms  and  using  the  fact  that  for  an  Incompressible  material 
the  sum  of  the  normal  strains  is  zero.  In  terms  of  the  presenttdimensinn- 
less  variables  the  criteria  then  become: 


The  point  and  time  of  8ei>aration  are  determined  by  a  graphical  procedure 
which  is  identical  to  that  followed  by  Chou  (1^),  (2)  with  the  exception 
that  in  our  case  the  process  is  a  function  of  axlaT  position  and  our 
criteria  are,  as  noted  previously,  generalizationB  of  the  former  ones. 

The  procedure  is  illustrated  in  Figures  4,  5  and  6  and  is  explained  as 
follows;  In  Figure  4  we  have  plotted  the  quantity 

against  r/r^ 

V  ~  V  2 

for  four  values  of  the  dimensionless  time  t^  rp  ,  The  horizontal 
lines  correspond  to  critical  values  of  the  ordinate  for  the  three  sample 
velocities  given  in  Table  1.  In  Figure  5  we  have  done  the  same  for 
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critical  values  for  the  velocitias  ^der  consideration.  Then,  in 
Figure  6  we  have  plotted,  for  each  velocity^  the  critical  strain  and 
critical  strain  rate  curves.  These  are  simply  plots  of  the  tinne  versus 
radial  position  as  obtained  from  the  intercepts  ot  each  of  the  three 
horlsontal  lines  in  Figures  4  and  5.  The  intersections  of  the  curves  in 
each  set  in  Figure  6  represent  the  time  and  radius  at  which  Uie  critical 
values  of  both  the  effective  strain  and  the  strain  rate  invariant  are 
achieved  and  thereby  define  the  Instant  and  radius  of  perforation  for 
each  of  the  three  sample  velocities.  The  results  are  summarised  and 
compared  to  Chou's  results  in  Table  I.  Note  that  the  material  under 
consideration  Is  aluminum  and  that  the  physical  properties  are  those 
used  by  Chou*  The  quantities  r^  and  tc  refer  to  the  "critical"  time 
and  radius  at  which  the  separation  criteria  are  met.  Results  are 
presented  for  s/rp  s  -f  0.  5  only  since  the  maximum  critical  radii  were 
calculated  at  that  axial  position.  The  results  are  discussed  in  the  next 
section. 

DISCUSSION 

In  an  attempt  to  determine  the  magnitude  and  the  effect  of  any  radial 
velocities  that  are  Induced  in  a  thin  target  plate  by  an  impacting 
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TABLE  I 


SUMMARY  AND  COMPARISON  OF  SEPARATION 
CALCULATIONS  FOR  AN  ALUMINUM  PLATE 


rp  =  0.  0469  In. 

=  5.  2  slugs/It.  ^ 

2h  =  0.  0469  in. 

=  100  lb. 

sec.  /  ft.  ^ 

z/rp  =  +  0.  50 

k 

=  105  lb. 

/in.  2 

Vjj  [ft.,  /  sec.) 

7130 

12.000 

20,000 

Po  (lb. 

1.32  (108) 

3.74(10®) 

1.04  (10^) 

WPo 

0.  109 

0.0385 

0.0139 

fi  S  rp^ 

0.0331 

0.0117 

0.  0042 

rjxp 

1.S9 

2.53 

3.32 

r^f'^p  (i) 

2.  77 

3.25 

3.63 

tc  (sec. ) 

4.48  (10-’) 

5.95(10*’) 

7.94(10"’) 

tc  (2) 

4.93  (10"’) 

5.72(10"’) 

6.84(10"’) 
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particle  we  have  presented  the  results  of  a  "first  approximation"  to 
the  eolvttion  of  the  problem  of  a  viscoplastic  plate  under  hypervelocity 
impact. 

We  have  shown  (see  Figures  2  and  3)  that  except  at  the  edge  of  the 
impart  zone  the  radial  velocitiee  are  about  one  order  of  magnitude 
smaller  than  are  the  axial  velocities.  Our  separation  calculations 
have  led  to  results  that  are  different  from  those  obtained  in  Chouls 
onc'dimensior.al  analysis  (see  Table  I)  in  spite  of  these  small  radial 
velocitieb  (which  are  ignored  altogether  In  the  one  •dimensional  case) 
because  of  differences  in  the  manner  of  initiation  of  the  impact  process 
in  the  two  ^inalyses.  We  have  assumed  that  the  kinetic  energy  of  the 
impacting  particle  is  deposited  on  a  small  area  on  the  forward  surface 
<!f  the  plate,  whereas  the  former  analysis  assumed  a  momentum  exchange 
between  the  mass  of  the  particle  and  the  combined  mass  of  the  particle 
i'.r.d  a  cylindrical  slug  of  the  target  plate  which  is  set  into  motion  upon 
impact.  Thus,  the  former  analysis  has  assumed  that  at  t  =  0  the 
material  is  already  moving  whereas  the  present  analysis  has  assumed 
that  at  t  ~  0  the  material  is  at  rest  and  the  pressure  load  is  first 
applied.  On  these  grounds  it  is  felt  to  be  reasonable  that  our  separation 
radii  turned  out  to  be  less  than  those  of  the  one -dimensional  analysis. 
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Before  closing  this  discussion  we  mention  some  of  the  short  comings 
of  the  present  analysis: 

We  have  only  considered  the  solution  of  the  linearised  set  of  equations 
(C),  thus  making  the  solution  a  first  approximation.  The  results  are 
thus  expected  to  be  valid  for  very  small  values  of  the  perturbation 
parameter  ^  which  was  shown  to  be  equal  to  one  half  of  the  square 
of  Reynolds'  number  for  the  process.  Since  not  very  much  is  known 
about  dynamic  viscosities  of  flowing  solids  the  question  of  the  accuracy 
of  a  one  term  approximation  cannot  be  resolved  as  yet.  Efforts  will 
be  made,  however,  to  solve  for  the  next  term  in  each  perturbed 
solution  by  solving  the  set  of  equations  (B), 

Our  neglect  of  k  in  comparison  to  has  removed  the  effect  of 

strength  from  the  calculations  (except  in  the  separation  criterion), 
However,  Chou  (9)  has  found  that  retention  of  k  in  his  solution  did  not 
change  the  results  of  his  previous  analysis  significantly.  It  is 
reasonable  to  expect  that  the  same  would  be  true  here. 

In  regard  to  the  boundary  conditions  it  must  be  pointed  out  that  we  have 
only  been  able  to  Impose  conditions  on  the  normal  stress  and  the 
pressure  at  the  surfaces  of  the  plate.  Because  of  a  lack  of  additional 
arbitrariness  in  the  general  solution  conditions  could  not  be  prescribed 
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for  the  shear  stress  on  the  surfaces  of  Qie  plate.  This  is  not  felt  to  be 
overly  serious  since  our  condition  that  the  axial  derivative  of  the  axial 
velocity  vanish  on  the  plate  surfaces  implies  (footnote***)  that  the 
radial  velocity  and  its  radial  derivative  vanish  on  the  surfaces  of  the 
plate  as  well.  This  simply  represents  the  plausible  fact  that  there 
la  a  thin  "cruet"  of  material  on  the  surfaces  of  the  flowing  material 
which  can  resist  radial  deformation.  Hence,  a  shear  stress  can  be 
tolerated  between  this  crust  and  the  flowing  material  underneath. 

Our  assumption  that  the  entire  material  is  flowing  is  extreme  since 
in  iiia  Hclual  situation  there  is  constrained  flow  with  a  boundary 
between  the  flowing  and  the  stationary  portions  of  the  material.  The 
exact  solution  of  the  problem  with  a  moving,  unknown  boundary  of  this 
type  would  be  extremely  difficult,  especially  in  two-dimensions. 

In  common  with  the  one-dlmonslonal  analysis  wo  have  ignored  the 
compressibility  of  the  material,  and,  therefore,  no  shock  discontinu¬ 
ities  arise  in  the  solution.  The  validity  of  this  neglect  has  yet  to  be 
demonstrated. 

The  resolution  of  these  questions  will  undoubtedly  involve  an  extremely 
complex  numerical  solution  such  as  set  up  for  the  cratering  problem 
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of  a  visco-plaatic  body  in  a  recent  report  by  Riney  (7).  The  numerical 
solution  of  the  perforation  problem  will  be  even  more  complex  atoce 
one  will  be  concerned  with  an  additional  free  surface. 

Finally,  we  have  utilized  estimated  values  for  the  viscosity  and  shear 
yield  of  the  material  in  our  sample  problem.  Experimental  data  on 
dynamic  viscosities  and  yield  strengths  of  materials  will  be  required 
for  use  in  the  ultimate  solution  of  the  problem,  be  it  a  numerical  or 
an  analytical  one. 
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IHTRODUCTION 


Tlie  design  concept  Md  the  principles  of  operation  of  s  Vlhlpple  "meteor  bumper" 
for  protection  agalnut  hypervelocity  Impact  are  well  known  (l).  An  efficient 
bumper  plate  vlll  be  Just  thick  enough  to  produce  complete  pulverization  of  the 
incident  hyperveloclty  particle.  Furthermore,  It  will  result  In  extremely  fine 
fragmentation  and  a  uniformly  expanding  epray  of  debris,  In  order  that  full  ad¬ 
vantage  can  be  taken  of  bumper  spaclzig  to  minimize  damage  to  the  structure 
underneath.  An  approximation  to  the  first  requirement  may  be  obtained  by  the 
application  of  ona-dlmenelonal  shock  wave  mechanics.  This  approach  also  provides 
a  qualitative  appreciation  of  more  complicated  aspects  of  the  bumper  design 
problem. 

THE  PHTSICAL  PBOCTSa 

When  hyperveloclty  Impact  occurs,  a  shock  front  proceeds  from  the  Interface  of 
the  two  materials  forward  into  the  bumper  piste,  and  cimliarly  another  shock  front 
proceeds  rearward  Into  the  projectile  material.  Considering  only  one-dlmenslonal 
effects,  that  Is,  normal  Impact  and  conditions  along  the  axis  of  Impact,  the  speeds 
St  which  the  shock  fronts  move,  as  well  as  the  pressure  level  and  denslflcatlon  of 
the  materials  bstvsen  them,  can  be  determined  by  the  Hugonlot  conservation  relations  and 
the  adiabatic  equations  of  state  of  the  materials.  When  the  shock  front  In  the 
bumper  reaches  the  rear  face,  an  expansion  process  Is  initiated,  which  moves  back 
Into  the  bumper  and  then'  Into  the  projectile,  causing  disruption  and  comminution, 
nie  head  of  this  rarefaction  wave  propagates  at  the  speed  of  sound  for  the  denslfled 
material,  and  this  speed  Is  always  greatsr  than  ths  relative  speed  at  which  the 
shock  front  propagates.  Therefore,  If  the  projectile  dimension  is  large  compared 
to  the  bumper  thickness.  It  Is  possible  for  the  rarefaction  wave  to  overtake  the 
Blower  moving  shock  front  In  the  projectile.  The  nature  of  these  processes  is 
indicated  schematically  In  Fig.  1. 

The  rarefaction  wave  Is  s  mechanism  which  converts  the  energy  of  pressure -volume 
change  In  the  denslfled  zone  back  Into  energy  of  motion;  It  accelerates  the  material 
up  to  a  velocity  tending  to  move  It  out  of  the  way  of  the  Impinging  projectile. 


Whan  It  overtakea  the  ahock  front.  It  consaq.uently  redueaa  the  Intact  apeed 
relative  to  the  oeneifled  material  and  both  the  ahock  front  velocity  and  the 
Impact  pressure  are  dlnlnlshed  accordingly.  Mls-match  betveen  this  Impact 
pressure  and  the  pressure  established  by  the  rarefaction  wave,  both  of  which 
continue  to  diminish  as  the  overtaking  process  continues,  gives  rise  to  ad¬ 
ditional  pressure  wave  phenomena  which  In  general  are  of  second  order  compared 
to  the  primary  shock  and  rarefaction  waves. 

The  nature  of  tne  rarefaction  wave,  however,  Is  such  that  complete  cancellation 
of  the  Impact  pressure  Is  not  possible.  Indeed,  It  can  be  appreciated  from 
elementary  considerations,  that  If  the  momentum  of  any  forward  portion  of  the 
projectile  Is  distributed  between  projectile  mass  and  an  Incremental  (bumper) 
mass,  a  reduction  In  velocity  of  the  projectile  mass  Involved  must  occur,  and 
this  could  only  Impede  the  motion  of  the  remaining  portion  of  the  projectile. 

Thus  any  bumper,  however  email,  will  produce  effects  that  are  felt  by  the  entire 
projectile  mate. 

However,  in  the  extreme  oast  of  a  very  long  projectile  eueh  as  a  rod  end-on  the 
advanced  overtaking  process  may  be  expected  to  degrade  into  a  normal  compression 
shock  of  diminishing  severity,  depending  on  the  initial  conditions  and  on  the 
j.aterBl  boundaries,  which  drain  off  energy  first  In  extensive  lateral  spall  and 
then  In  plastic  processes.  Upon  reaching  the  rear  end  of  the  projectile  the 
traveling  shock  may  still  be  strong  enough  to  cause  rear-faoe  spall,  but  this 
process  will  dissipate  all  energy  above  the  damage  threshold.  It  Is  therefore 
possible  for  some  portion  of  a  rod-shaped  projectile  to  pner,  through  a  "too-thln" 
bumper  virtually  undamaged  and  with  only  slight  reduction  In  velocity.  For  a 
chunky  projectile,  eseentlally  the  seme  considerations  apply,  hut  the  lateral 
rarefaction  procesees  would  be  more  Important  In  reducing  the  projectile  to 
fragments . 

As  far  as  bumper  effectiveness  In  destroying  the  projectile  la  concerned,  the 
critical  point  In  the  process  Is  the  Instant  at  which  the  bead  of  the  rarefaction 
wave  overtakes  the  rearward-moving  shock  front  In  the  projectile  material.  As 
nas  been  iudlcsted,  the  disruption  process  Is  not  complete  at  that  point,  but 
It  will  rapliUy  diminish  In  effectiveness  thereafter.  As  a  design  criterion, 
therefore,  the  critical  bumper  thickness  Is  defined  as  that  which  would  delay 
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the  rarefaction  prooesa  long  enough  ao  that  It  overtakea  the  ahock  front  at 
the  I'ear  aurface  of  the  projectile.  If  the  bumper  thickneaa  to  projectile 
dimension  la  greater  than  critical,  the  entire  projectile  la  subjected  to  the 
full  impact  pressure. 

ANALYSIS 

The  Hugonlot  equations  for  the  conditions  behind  normal  shock  ns  established  by 
conservation  of  macs  and  nomentum  are,  respectively: 

/O  «  /(>**  - 

P  *  /®0  **S  **P 

The  ahoek-Huroniot  propertloj?  of  ciatcrlals  arc  reprecentfed  by  the  two- parameter 
final Approximaitnn  or.od  !n  P,  3 

S,.,  „) 

p  •  AS  *  S“p^  l*> 

uhero  .-md  S  arc  material  properties  exprcsalng  the  etiffness  under  impact. 

/d though  in  many  cuoco  c^,  approximates  the  acoustic  velocity  of  the  material 
at  zero  pressure,  in  others  the  Hugoniot  departs  perceptibly  from  the  quadratic 
(U)  over  the  pressure  range  of  interest.  Por  the  present  purposes,  the  parameterD 
c^  and  3  correspond  to  behavior  under  the  highest  experimental  ii.ipaet  pressures 
reported  in  the  literature.  By  combining  (3)  and  (h)  the  impact  pressure  can 
bo  expressed  soraevhat  as  in  Ref.  1»  In  a  form  which  vlll  later  be  useful: 

P  _  <r(g~i) 

'  W  -{<r-iiSY 

uher*?  T  Is  the  "densi fict.tlon"  lector, 

«r  s  /*//>•  *  v„/v 


(5) 

(6) 
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vmen  the  shock  condition  arises  as  a  result  of  Impact  of  a  projectile  on  a 
target,  the  different  shock  front  and  particle  velocities  may  be  established 
relative  to  each  other  after  tha  manner  of  Ref.  5  as  Illustrated  In  Fig.  2. 

The  relative  particle  velocities  add  up  to  the  Impact  velocity, 

Upp  ipt  s  V  (Y) 

The  Impact  pressure  In  projectile  and  target  la  assumed  uniform  In  accordance 
with  one  dimensional  consideration, 

Pp  •  Pt  (0) 

Substituting  (4)  and  (?)  leaves  only  one  unknown  Identified  in  terras  of  V. 
Application  of  (1)  through  (4)  then  identliies  other  pertlpent  quantities. 

The  rarefaction  wave  propagates  at  the  acoustic  velocity  of  the.  denslfled  uiaterlal, 
Klven  by  the  slope  of  the  pressure-volume  relation  In  an  Isentroplo  process: 


In  the  p-v  dlagran  the  Hugonlot  curve,  established  by  the  dissipative  shock 
process,  la  an  Irreversible  adlabat;  isentropic  expansion  from  a  given  point 
establishes  a  reversible  adlabat  which  lies  above  the  Hugonlot  (Pig.  3).  For 
crystalline  metals  the  relation  between  the  two  has  been  approxin:ately  expressed 
(Ref.  2,  3,  5)  uoing  the  Mle-Orunelsen  equation  of  state  to  obtain 

Cp*  -  Ph')  =  7 
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where  the  Orunelsen  retlo  V  »  lf(v),  a  property  of  the  material,  and  all 
values  apply  at  the  specific  volume  v.  At  a  point  Pj^,  Vj^,  where  the  two  ourves 
are  coincident,  leads  to  the  differential  expression 

m.  ■  -  I 

The  right  hand  la  identifiable  from  the  Hugonlot  aquation  for  conservation  of 
energy 


Ce  -v)  ua) 

which  leads  to 


and  the  thermodynamic  relation  which  applies  on  an  Isentrope, 


Suhatltutlon  of  (13)  and  (it)  In  (11)  gives  the  desired  acoustic  velocity  In 
terms  of  the  slope  of  the  Hugonlot  at  that  point 


By  application  to  (5)  the  following  convenient  forms  are  derived: 


(ap/v)s 

Op/^)h 


r  ■>■  (g»-0  $ 

^  -(sr-OSy 

.  C(r-0*S  Y 

S'  +  0^1)  3 

c  -*•  Qr-OS  -{tr-ifsv 
[o-  -C«--0S]  * 


(16) 
(17 ) 
(16) 


Tne  structure  of  the  rarefaction  wave  can  be  approximately  determined  by  assuming 
an  equation  of  state  for  the  Isentroplcally  expanding  material  of  the  form 


r 


(19) 
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For  such  a  oaterlal,  typical  of  e  polytrople  gas,  the  acoustic  velocity  la 


«*  =  (^p/^)g 


kp^ 


Applying  (20)  to  (l8)  permits  evaluation  of  the  appropriate  value  of  the 
exponent  k  at  the  point  vhere  expansion  is  Initiated; 

.  <r  ♦  Co-OS  -  (o--i^*Slf 

•'  ■  (,-0[<r-«r-ftSj  «« 

The  rarefaction  process,  or  at  least  the  high  pressure  portion  of  it,  initiating 
at  the  hack  face  of  the  hamper  can  in  this  way  he  approximately  described  hy 
solutions  which  are  available,  for  example,  for  the  expansion  of  gas  into  an 
evacuated  shock  tube  when  the  diaphragm  is  ruptured.  From  2ef.  6,  the  pressure, 
particle  velocity,  and  acoustic  velocity  in  the  expanding  medium,  scale  uniformly 
with  time  T  ,  and  can  be  expressed  in  termo  of  distance  %  from  the  original 
free  surface  as  follows: 


if  I 

FV  [X  il 

K  ”  Lk*l  ■  e,Tj 

,  JL  f,  +  JlI 

c.  k*l  I'  «.tj 

S.  ,  JLfg-Ck-Oil 
c,  k*l  L 


•  p,  i  p.  5t  0  (22) 

»  ^  ®  (23) 


C,  4>  c  fcO  (2U) 


TSieso  relations  are  illustrated  graphleally  In  Fig.  4. 


There  remains  the  question  of  secondary  wave  generation  at  the  interface 
between  bumper  and  projectile  material,  and  when  the  rarefaction  wave  overtakes 
the  impact  shock  front.  Effects  at  the  interface  are  governed  by  the  relative 
acoustic  impedance  of  the  two  materials  (hef.  lo) .  If  the  acoustic  impedance ^ C ) 
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of  the  bumper  Is  less  t^  that  of  the  projectile^  the  rarefaction  is  reflected 
In  poclttve  fashlonj  and  the  rarefaction  front  advancing  Into  the  projectile 
Is  strengthened  and  steepened.  This  hastens  cancellation  of  the  Impact  pressure 
and  favors  projectile  penetration.  On  the  other  hand.  If of  the  bumper  exceeds 
/»«  of  the  projectile,  reflection  will  he  negative  and  the  wave  transmitted  into 
the  projectile  will  be  xeaker.  53ie  fraction  of  Incident  stress  transmitted  from 
material  1  to  material  2  Is  given  by  the  ratio  /IJod,  ♦  An 

example  of  these  effects  la  given  in  Fig.  he.  Clearly,  if  projectile  disruption 
la  aaeociated  with  some  critical  pressure  less  than  that  produced  by  the  impact, 
bumper  materials  which  have  large  (generally  the  denser  materials)  have  a 

strong  advantage. 

Tile  extent  of  nils -match  in  the  calculated  preesuree  when  the  rarefaction  wave  overtakes 
the  Impact  shook  front  can  be  explored  by  comparing  the  rarefaction  wave  pressure 
with  the  Hugonlot  pressure  which  applies  ne  the  relative  particle  velocity  is  reduced 
according  to  (Up-U,.).  Representative  exoinples  are  presented  In  Fig.  ha  and  h. 
Differences  at  the  high  preociircs  arc  strictly  cccuiidary,  and  use  uf  the  simple 
exponential  equation  of  state  (19)  to  predict  the  intttu)  pro-tion  of  the  rnrcfactlon 
wave  Is  Justified. 

Tlie  "critical"  bumper  tliioknooo,  ootabiished  by  tlie  requirement  that  overtaking  not 
begin  within  the  projeotllo  length.  Is  derived  by  rclntlng  the  time  Intervals 


at 


rt 


(il5) 


48 


vhercj  with  reference  to  Fig.  3  for  relative  velocities,  the  time  Intervals  are 


/'*ap 

> 

t 

4 

(26) 

Critical  bumper 

thickness 

to  projectile  length  is  therefore  given  by 

L 

1/  U-rt 

BEBUIflia 


Calculations  have  been  isaile  to  explore  the  conditions  of  Impact  which  arise  at 
20,000  fps  (6.1  Xni/eec)  and  at  100,000  fps  (30.5  hm/aeo)  with  a  number  of 
combinations  of  target  and  projectile  materials.  A  comparison  is  thus  established 
between  typical  experimental  conditions  and  typical  meteoritlc  impact  conditions . 
Material  properties  used  in  these  ealeulatlons  are  summarized  in  Table  1  and  Fig.  (5). 
The  results,  together  with  calculated  critical  bumper  tblcKneaa  values,  are  pre¬ 
sented  In  Table  2  and  3.  To  aid  in  appreciation  of  the  variation  in  properties 
of  different  materisls,  computations  of  the  acoustic  velocity  of  the  denslfled 
material  have  been  displayed  in  graphical  form  against  densifleation  O'  In 
Fig.  (61.  Figs.  (7)  and  (U)  present  the  calculated  critical  thickness  ratlosfor 
various  combinations  with  the  density  of  bumper  material  as  an  argument. 

DISCUSSION 


Nature  of  Results!  The  display  of  critical  t/L  ratios  In  Figs.  (7)  and  (b)  provides 
a  qualitative  estimate  of  bumper  performance  in  disrupting  the  incident  projectile. 
That  the  plots  of  t/L  against  target  density  are  roughly  linear  in  character  indi¬ 
cates  that  other  properties  of  the  target  material  ore  of  secondary  Importance. 

For  the  projectile,  however,  two  anomalies  are  noted;  both  magnesium  and  tuff 
(which  may  be  more  representative  of  meteoritlc  matter  than  the  metaxs)  are  indi¬ 
cated  as  being  disproportionately  effective  in  penetrating  thin  bumpers. 
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ComparlEon  of  the  two  displays  for  different  Impact  velocities  Indicates  that 
velocity  Interacts  witn  material  properties  in  such  a  vay  as  to  preclude  a  sliuple 
scaling  law  and  to  make  It  extremely  difficult  to  study  meteorltlc  Impact  effects 
by  means  of  ordinary  hyperveloclty  tests. 

Comparison  with  Experimental  Work  of  Maiden;  Malden  in  Ref.  (o)  presents  results 
of  a  correlated  series  of  tests  of  various  bumper  materials.*  While  the  general 
trends  Indicated  by  the  present  analysis  are  in  agreement  with  Maiden's  experimental 
results,  the  latter  indicate  much  greater  effectiveness  for  blgh-denslty  bumper 
materials  In  reducing  witness  plate  damage  than  do  the  calculated  critical  t/L  ratios. 

The  quantitative  differences  appear  to  be  due  primarily  to  oversimplification  of  the 
analytical  model.  Projectile  break-up,  for  example,  will  continue  after  the  head  of 
the  rarefaction  wave  overtakes  the  shock  front.  An  obvious  refinement  of  the  criterion 
proposed  here  would  be  to  relate  it  to  a  maximum-pressure  value  which  would  be  cited 
as  a  projectile  material  property  or  "allowable  stress."  Secondsiry  wave  generation 
at  the  projectile -bumper  Interface  would  be  Important  In  applying  this  criterion  and 
would  favor  the  denser  materials.  However,  It  Is  also  of  significance  that  the  ex¬ 
perimental  results  of  Ref.  (B)  are  recorded  as  damage  to  the  witness  plate,  which 
Involves  many  other  aspects  not  considered  In  the  analysis,  such  as  damage  caused  by 
bumper  material,  three-dimensional  effects,  bumper-witness  plate  spacing,  and  modifi¬ 
cations  Introduced  by  mechanlcsl  properties,  spall  effects,  and  melting.  It  Is  there¬ 
fore  difficult  to  recommend  refinement  of  analytical  methods  without  recognizing  an 
urgent  need  for  experimentsO.  effort  to  determine  which  sepeets  of  the  theory  need 
attention  most.  It  may  be  neceseary  to  utilize  s  ^-dimensional  hydrodynsmlc  solution 
of  the  BJork  variety  to  achieve  acceptable  analytlcai  accuracy. 


Equation  of  State:  The  simplified  equation  of  state  with  (  ^E/  'bp)^  assumed 
constant  In  extrapolating  the  Qrunelsen  ratio  V  to  very  high  pressures  is  utilized 
here  as  the  most  suitable  of  several  which  were  applied.  Recent  Soviet  publications 
(Ref.  Y,  9)  indicate  that  the  extrapolation  should  Involve  decreasing  values  of  S 
(a  condition  which  Is  also  obvious  from  the  form  of  Eq.  with  Y  tending  toward 
a  constant  value;  additional  provision  Is  made  for  thermal  preseure.  This  treat¬ 
ment  Is  in  accord  with  a  more  gae-like  behavior  of  the  highly  compressed  metals; 

*At  the  time  of  writing  the  author  was  acquainted  with  Malden's  experimental  results, 
but  not  with  his  theoretical  treatment. 
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hoveverj  It  produces  inconsistencies  in  the  current  application,  In  some 
cases  leading  to  a  reversal  in  slope  of  the  Isentrope  and  a  negative  value 
for  the  calculated  acoustic  velocity. 

Three-Dimensional  Effects;  The  effects  vhloh  occur  off  the  axis  of  penetration 
are  of  major  Importance  to  bumper  performance,  and  Che  present  analysis  provides 
little  help  here.  In  a  thin  bumper  the  shock  front  vhleh  expands  laterally  from 
the  penetration  axis  will  be  nearly  cyllndrlcally  symmetric;  In  a  thick  bumper, 
the  expanding  front  will  approach  spherical  ayitmetry.  In  either  case  the  Intensity 
of  the  shook  will  be  degraded  with  distance,  and  In  peripheral  regions  the  bumper 
material  will  be  subjected  to  diminishing  severity  of  pressure.  The  spray  coming 
off  the  rear  surface  of  the  bumper  under  a  high  velocity  strike  may  therefore  be 
expected  to  be  comprised  of  a  central  cone  of  finely  divided  particles,  surrounded 
by  a  zone  of  more  chunky  bumper  debris  or  spall  moving  at  slower  speedt'.  Striking 
evidence  of  such  an  effect  la  found  In  the  work  of  Malden  (Ref.  d). 

Increase  In  the  Impact  velocity  Is  not  expected  to  eliminate  tne  zone  u-  spall 
but  merely  increase  the  angle  of  divergence:  the  size  end  velocity  of  tte  spall 
peurtloles  ore  controlled  primarily  by  physical  properties  of  the  bumper  vaterlal. 

This  three-dimensional  model  can  be  generalized  to  explain  with  some  success  the 
mixture  of  spray  and  debris  observed  under  oblique  impact.  In  this  ease  large 
particles  of  bumper  spall  should  be  expected  at  directions  approaching  the  normal 
to  the  plane  of  the  bumper. 

Bumper  PeelRn  Considerations;  Bumper  design  must  be  directed  not  only  ap  efficiency 
In  breaking  up  the  projectile  but  at  the  minimization  of  bumper  spall.  These 
larger  fragments,  although  possibly  low  in  energy,  are  potentially  much  more 
dangeroue  than  the  finely  divided  epray. 
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EspealiUy  oViJeotionable  apall  fragmenti  are  to  te  expected  vtien  the  hvuBper  le 
"too  thick"  for  the  alee  of  the  Incident  projectile  end  Is  penetrated  hy  the 
expanding,  cratering  shock  proeeas.  However,  it  does  not  seen  possible  to  avoid 
the  "too  thick"  meteoroid  humper  hy  design,  because  the  distribution  of  meteoroid 
size  is  such  that  whatever  mass  is  selected  as  the  "design  meteoroid,"  many  more 
must  he  expected  at  somewhat  smaOler  aiza.  HUrthermore,  as  has  been  mentioned, 
peripheral  spalling  of  the  humper  material  nay  he  an  unavoidable  part  of  the  bumper 
process, and  spalling  may  be  aggravated  by  the  fact  that  in  service,  exposure  to 
oblique  impact  is  in  general  always  greater  than  normal  exposure.  These  conditions 
make  bumper  spall  a  necessary  consideration  in  design.  In  many  cases,  therefore, 
the  simple  Vftilpple  bumper  plate  nay  need  to  be  augmented  with  auxiliary  spall 
shielding . 

In  a  multiple  plate  shield  design,  the  second  plate  performs  a  dual  function  in 
stopping  not  only  the  broadly  distributed  impulsive  loading  of  the  high  velocity 
finely  divided  spray,  but  the  localised  impact  of  lower  velocity  spall  particles 
as  well.  This  leads  to  an  optimization  problem  in  spacing  and  thickness.  At 
present  there  is  a  dearth  of  experimental  information  on  these  interaction  effects. 

CONCLUSIOHB 

One -dimensional  chock  mechanics  permits  estlmatiog  ths  effsctlveness  of  a  VIbipple 
bumper  in  breaking  up  an  Incident  projectile  or  meteoroid;  and  leads  to  a  qualitative 
design  criterion  for  required  bumper  thickness.  The  density  of  both  projsetils  and 
target  are  unquestionably  the  most  important  material  properties  affscting  bumper 
performance.  Other  properties  at  extreme  pressures,  however.  Influence  the  per¬ 
formance  to  a  noticeable  degree. 

The  bumper  thickness  required  to  effectively  destroy  an  Incident  projectile  of  a 
given  size  is  approximately  doubled  when  the  impact  velocity  is  increased  from  the 
current  experimental  range  to  the  meteorltic  range.  In  addition,  denser  materials 
appear  to  have  a  greater  advantage  at  the  meteorltic  velocities. 

Comparison  with  experimental  results  reported  in  the  literature  indicates  that 
other  aspects  of  the  projectlle-bumper-target  interaction  must  be  included  in  the 
theoretical  model  before  quantitative  prediction  of  performance  can  be  realized. 


52 


METEOROib  BUMPER  ■DEaGN 


Problems  Involving  Impact  at  meteorltle  velocity,  being  beyond 
the  reach  of  direct  experiment,  require  an  advance  In  analytical  capabllttlea. 
Experimental  effort  la  needed  to  develop  theoretical  tools  rather  then  aecumolate 
empirical  data. 

gynbola 

C  acoustic  velocity,  cm/ ^  sec 

E  specific  Internal  energy 

k  exponent  In  gaseous  equation  of  state 

L  projectile  or  meteoroid  length,  cm 
p  pressure,  megabars 

3  material  stiffness  paroinetar  In  Hugonlot  eq.  of  state 

t  bumper  thickness,  cm 

u  particle  or  shock  velocity,  cm/ yU  see 

V  specific  volume 

V  Impact  velocity,  cm/ yU  sec 

X  distance,  cm 

^  Qruneleen  ratio 

p  density,  grams/cc 

O'  relative  density  •  p  ^ 

T  time,  yU  seconds 

3ubaerlptB 

o  Initial,  at  zero  pressure 

I  end  point  in  shock  eompresslon 

H  Hugonlot 

p  particle,  or  projectile 

r  rarefaction 

S  Isentroplc 

s  shock  front 

t  target  or  bumper 
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TAwia  g  mPACT  *1  gocxxi  m  (6.io  km/sec) 


MAZBRIAL  [■ 

Imp.  PreBsura 

p 

DBNSIFICATION  T  [ 

Crlt .  Busier 
Tbiclc.  Ratio 

t/L 

Projectile 

Bumper 

Megabars 

Projectile 

Bumper 

MagaeBlum 

Kegnesium 

0.43 

1.59 

1.59 

0.18 

Aluminum 

0.59 

1.72 

1-35 

0.19 

Tltenlum 

0.6$ 

1.77 

1.40 

0.15 

Iron 

0.80 

1.88 

1.27 

0.15 

Copper 

0.81 

1.86 

1.31 

0.13 

Lead 

0.78 

1.84 

1.55 

0.10 

Tungsten 

0.95 

1.94 

1.22 

0.10 

cold 

0.93 

1.93 

1.28 

0.09 

Aluminum 

Hsgneslum 

0.59 

1.35 

1.71 

0.13 

Aluminum 

0.83 

1.45 

0.14 

Titanium 

0.95 

1.50 

1.54 

0.12 

Iron 

1.24 

1-59 

1.36 

0.11 

Copper 

1.25 

1.59 

1.41 

O.IU 

Lead 

1.22 

1.59 

1.67 

0.08 

Tungsten 

i.$3 

1.68 

1.31 

0.08 

Cold 

1.50 

1.67 

1.39 

0.08 

Iron 

Magnesium 

0.81 

1.27 

1.88 

0.20 

Aluminum 

1.24 

1.36 

1.59 

0.21 

Titanium 

1.50 

1.41 

1.73 

0.19 

Iron 

2.17 

1.51 

1.51 

0.19 

Copper 

2.37 

1.53 

1.44 

0.18 

Lead 

1.52 

1.83 

0.15 

Tuigsten 

3.02 

1.61 

1.49 

0.14 

Oold 

2.9> 

1.61 

1.53 

0.14 

Tungsten 

Magnesium 

0.95 

1.22 

1.94 

0.25 

Aluminum 

1-53 

1.31 

1.68 

0.27 

Titanium 

1.93 

1-37 

1.86 

0.25 

Iron 

3.02 

1.49 

1.61 

0.25 

Copper 

3-17 

1.51 

1.64 

0.25 

Lead 

3.20 

1.52 

1.95 

0.21 

Tungsten 

4.13 

1.63 

1.63 

0.20 

Oold 

4.60 

1.63 

1.64 

0.19 
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TAMU  DOACT  AT  100,000  FF8  (:<0.5  KM/8EC^ 


Material 

Imp.  Pressure 

P 

Denalflcatlon  9 

Crit.  Bumper 
Thiele.  .Ratio 

Pro.lactlle 

Bumcer 

Megabars 

t/L 

Tuff 

MagnetluD 

5.55 

4.17 

3.15 

0.51 

Aluminum 

7.22 

4.35 

2.49 

0.38 

Titanium 

8.33 

4.42 

2.90 

0.30 

Iron 

10.7 

4.57 

2.08 

0.26 

Tungtten 

13.1 

4.65 

2.07 

0.16 

Kagneelun 

Magnesium 

5.57 

3.21 

3.21 

0.37 

Aluminum 

7.b3 

3.43 

2.53 

Titanium 

8.85 

3.46 

2.96 

0.23 

Iron 

11.3 

3.73 

2.10 

0.21 

Tungaten 

13.8 

3.94 

2.08 

0.14 

Aluialnum 

Magnesium 

7.b3 

2.53 

3.43 

0.32 

Aluminum 

10.2 

».73 

2.73 

0.26 

Titanium 

12.1 

2.85 

3.30 

0.21 

Iron 

lb. 2 

3.06 

2.26 

o.iy 

Tungsten 

20. y 

3.20 

2.28 

0.11 

Iron 

Magnesium 

J.1.3 

2.10 

3-73 

0.60 

Aluminum 

16.2 

2.26 

3.O6 

0.51  ■ 

Titanium 

20. « 

2.36 

3.62 

0.43 

Iron 

30..  3 

2.53 

a. 53 

0.40 

Tungsten 

43.4 

. 

2.68 

2.65 

0.26 
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T.  SHOCK  FRONTS  PROGRESS  BOTH 

DIRECTIONS  AS  PROJECTILE  FEEDS  IN 


Tj  SHOCK  IN  BUMPER  REACHES  REAR 
FACE)  RAREFACTION  INITIATED 


projectile 


BUMPER 


RAREFACTION  SHATTERS  BUMPER  MATERIALi 
RAREFACTION  WAVE  ADVANCES  INTO  PROJECTILE 


rs  RAREFACTION  WAVE  OVERTAKES  SHOCK 

WAVE  IN  PROJECTILE,  REDUCES  IMPACT  PRESSURE 


Tf  IMPACT  EFFECT  OREATLY  DIMINISHED)  BUMPER 
AND  SOME  OF  PROJECTILE  SHATTERED 


Xy  SHOCK  AND  rarefaction  EFFECTS  DEGENERATE 
TO  NORMAL  COMPRESSION  SHOCK  WAVE 


I  1  1 

IIU-V 


Ti  SHOCK  REACHES  PROJECTILE  REAR  FACE, 
DISSIPATES  IN  SPALL.  CENTRAL  PORTION  OF 
PROJECTILE  CONTINUES  UNHINDERED 


FIQI  FKOilECTILE-aUMFCR 
INTERACTION- SCMEMATC 
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0  PROJECTILE  AND  BUMPER  AT  INSTANT  OF  CONTACT 


b  OCK  IN  PROJECTILE  c  SHOCK  IN  BUMPER 


d  PARTICLE  AND  SHOCK 
FRONT  VELOCITIES 
REFERRED  TO  ZONE 
OF  OENSIFIED  MATERIAL 


p..Upp«(V-upt)  Upt-^ 

^op  ^ip 


e 


SHOCK  FRONT  IN  BUMPER 
REACHES  BUMPER  REAR  FACE 


f  RAREFACTION  WAVE 
REFERRED  TO  ZONE 
OF  OENSIFIED  MATERIAL 


FIG  2  PARTI  CUE  AND 
WAVE  FRONT  VELOCITIES 
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FiaS  TYPICAL  AOIABATIC  PROCESSES 
(SHOWN  FOR  LEAD,  FROM  RTF.  2) 


bO 


VELOCITY  (CM4.  SEC)  PRESSURE  (MEGABARS) 


FI0«  RAREFACTION  WAVE  IN  ALUMINUM  AFTER  IMPACT  BY  ALUMINUM,  APPROXIMATED 
USINO  Pr«A^^ 

b.  IMPACT  VELOCITY  V«  100,000  FPS,  ks  I.B 


bZ 
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RAREFACTION  FOR  ^ 
Al  ON  A1  TARGET 

RAREFACTION  FOR 
W  ON  W  TARGET  ‘ 


RAREFACTION  WAVES 
WITHOUT  INTERFACE 
REACTIONS  AT  TIME 

T» 2  t/o;C| 


RAREFACTION  IN  W 
PROJECTILE  AFTER 
IMPACT  ON  Al  TARGET 


MODIFICATION  OF 
^'TTED  RAREFACTION  PRO- 

\  CESS  IN  Al  BY  W 

.  INTERFACE  . 


IreflecYed-*.  , 


RAREFACTION  IN 
Al  PROJECTILE 
AFTER  IMPACT  ON 
W  TARGET 


TRANSMITTEj) 


REFLECTED 


MODIFICATION  OF 
RAREFACTION  PRO¬ 
CESS  IN  W  BY  Al 
INTERFACE 


-PROJECTILE  MATERIAL 


BUMPER  t/o; 
INTERFACE  x*0 


FIG.  4C  EFFECT  OF  DISSIMILAR  MATERIALS  ON  RAREFACTION  WAVES  TRANSMITTED 
ACROSS  INTERFACE  (ANALYSIS  BY  METHODS  OF  REF.  10, FOR  Vi20,OOOFPS) 
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2  20 


12  I  c 

111  1-5 


■MAGNESIUM,  IRON, 
TUFF  (ASSUMED) 


SOLID  LINE*  DATA  FROM  REF  3 
DASHED  LINE*  EXTRAPOLATED  HOLDING  T  -CONSTANT 
ASSUMED  CURVES*  BASED  ON  VALUES  OF  )^ATo-  >  1.0 
SELECTED  AS  REPRES^TATIVE 


RELATIVE  VOLUME  v/vq-  I/» 


FK>  S  VALUES  OF  THE  CltUNEISEN  RATIO  y 
USED  IN  THE  CAUCULATIONS 


04 


RELATIVE  DENSITY, 

PIO.«  CALCULATED  SPEED  OF  THE  HEAD  OF  THE  RAREFACTION  WAVE 
IN  VARIOUS  MATERIALS 
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CRITICAL  BUMPER  THICKNESS  RATIO  (f  /L) 


DENSITY  OF  BUMPER  MATERIAL  (6/CC) 


FI0.7  CALCULATED  CRITICAL  BUMPER  THICKNESS  RATIO  FOR 
PROJECTILES  IMPACTINO  VARIOUS  MATERIALS  AT 
V>  20,000  FPS  (S.IO  KM7SEC) 
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CRITICAL  BUMPER  THICKNESS  RATIC  l/L 


METEOROID  BUMPER  DESIGN^ 


FIGS  CALCULATED  CRITICAL  BUMPER  THICKNESS  RATIO 
FOR  PROJECTILES  IMPACTING  VARIOUS  MATERIALS 
AT  V«  100,000  FPS  (SO. 5  KM/SEC.) 
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PROTECTIVE  ABILITY  OF  THIN  SHIELD 
I.  INTRODUCTION 


Several  years  ago  Whipple^^^  proposed  that  a  spacecraft 
could  be  protected  against  meteoroids  by  a  thin  shield  spaced  at 
a  distance  from  the  main  hull  of  the  vehicle.  The  present  paper 
presents  some  results  from  a  theoretical  and  experimental  pro¬ 
gram  to  investigate  the  protective  value  of  such  a  shield  against 
hypervelocity  projectiles.  This  work  is  sponsored  by  ARPA's 
Project  Defender  under  contract  number  Nonr  3891  (OO)  (X). 

The  sequence  chosen  for  the  present  paper  is  to  describe 
the  experimental  and  theoretical  results  separately,  and  then  to 
compare  theory  and  experiment. 

2.  EXPERIMENTAL  TECHNIQUES 

All  experiments  were  conducted  using  the  Ballistic  Range 

(2) 

facility  of  the  GM  Defense  Research  Laboratories,  General 
Motors  Corporation.  This  facility  consists  of  a  5.6  mm  caliber 
light-gas  gun,  a  6. 1  meter  long  flight  range  and  an  impact  chamber. 
The  performance  of  the  gun  is  such  that  10  km/ sec  has  been  achieved 
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with  a  0.  07  gm  plastic  cylinder,  8.  7  km/sec  with  a  saboted  3,  2  mm 
diameter  aluminum  sphere,  and  7.  3  km/ sec  with  a  4.  8  mm 
aluminum  sphere.  The  range  can  be  evacuated,  and  the  velocity 
and  condition  of  the  model  obtained  from  spark  shadowgraph 
stations.  The  model  flight  is  terminated  in  the  impact  chamber 
where  the  shield  and  target  can  be  held  a  fixed  distance  apart. 

The  impacts  can  be  observed  with  a  three  channel  flash  X-ray  unit 
(flash  durrtion  of  0.07^  secs),  and  with  a  Beckman-Whitley  framing 
camera  (1.4  million  frames  per  second). 

3.  EXPERIMENTAL  RESULTS 

3.  1  Impacts  in  Unprotected  Targets 

The  protection  afforded  by  a  shield  against  a  hypervelocity 
projectile  can  be  measured  by  comparing  the  damage  produced  in 
protected  and  unprotected  targets.  Thus,  in  order  to  make  this  com¬ 
parison,  tests  were  conducted  using  3.2  mm  aluminum  spheres  and 
unprotected  targets  of  2024-T3  and  1100  F  aluminum.  The  results 
of  the  experiments,  plus  several  popular  damage  relationships^^^^^^^^^^^^, 
are  shown  in  Figures  1,  2,  and  3.  Figure  1  shows  results  corresponding 
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to  targets  of  2024-T3  aluminum.  Figure  2  presents  results  for 

targets  of  1100  F  aluminum  and  Fig.  3  compares  the  two  sets  of 

experimental  data.  It  should  be  noted  that  the  results  for  1100  F 

(7) 

aluminum  include  data  obtained  by  Atkins  . 


J 


Although  it  is  digressing  somewhat  from  the  main  theme  of 
this  paper,  it  is  informative  to  discuss  a  number  of  interesting 
features  of  the  above  figures.  Firstly,  the  empirical  relationships 
of  Charters  and  Summers,  Eichelberger  and  Gehring,  and  Herrmann 
and  Jones,  all  agree  with  the  experimental  data  to  within  a  factor 
of  two.  This  is  not  too  surprising  as  these  empirical  equations 
were  derived  by  curve  fitting  to  experimental  measurements.  Also, 
of  the  empirical  relationships,  that  of  Herrmann  and  Jones  shows  the 
best  agreement  with  Bjork's  theoretical  points.  Herrmann  and  Jones 
consider  that  this  agreement  is  encouraging,  but  rather  fortuitous. 
Unfortunately,  the  experimental  data  are  limited  to  velocities  less  than 
10  km/sec,  so  no  firm  statement  can  be  made  concerning  the  validity 
of  any  of  the  damage  formula  at  higher  velocities  than  this.  Another 
interesting  point  is  that,  even  though  the  experimental  data  for  the  two 
aluminum  alloys  are  substantially  different,  there  is  an  indication  that 
the  spread  between  the  two  sets  of  data  becomes  less  as  the  velocity 
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increases.  This  question  of  the  importance  of  target  strength 
as  the  impact  velocity  increases^ has  caused  a  great  deal  of  con¬ 
troversy  and  is,  as  yet,  unresolved.  However,  it  is  obvious  that 
strength  effects  still  exert  a  considerable  influence  on  the  cratering 
process  at  10  km/sec. 

3.  2  Impacts  in  Protected  Targets 

Several  sets  of  diagnostic  experiments  were  conducted  in 
which  only  one  parameter  was  varied  at  a  time.  The  results  of 
these  experiments  are  now  described. 

3.  2.  1  The  Effects  of  Shield  Thickness 

Figures  4(a)  and  (b)  show  the  damage  suffered  by  targets 
placed  behind  aluminum  (2024-T3}  shields  of  various  thicknesses. 

The  projectiles  were  4.8  mm  aluminum  spheres  at  6, 1  km/sec,  and 
the  targets  were  6.  4  mm  thick  aluminum  (2024-T3]  plates  spaced 
at  5.48  cms.  from  the  shields.  It  is  seen  that  with  the  two  thinnest 
shields  (0.  076  and  0.  204  mms)  the  backup  target  is  completely  pene¬ 
trated.  With  the  medium-thickness  shields  (0.  408  and  0.  816  mms) 
a  spall  is  detached,  and  with  the  thickest  shields  (1.  632  and  3.  17  mms 
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the  only  daunage  is  to  the  front  of  the  targets.  From  these  tests  the 
total  depth  of  penetration,  including  shield  thickness  but  excluding 
spall  effects,  has  been  determined  and  is  shown  as  Curve  A  in  Figure 
5(a).  This  figure  shows  that  there  is  an  optimum  shield  thickness 
for  minimum  damage.  For  the  impact  conditions  relevant  to  the  above 
tests,  this  optimum  is  such  that  the  ratio  of  shield  weight  per  unit 
area  to  projectile  weight  per  unit  area  (hereafter  called  shield  to  pro¬ 
jectile  weight  per  unit  area)  is  approximately  0.  25  to  0.  5.  Note  that 
in  Fig.  5(a),  Curve  B  refers  to  the  thickness  of  shield  penetrated  and 
Curve  C  refers  to  the  depth  of  penetration  in  the  main  target  only. 

Thus  Curve  A  is  the  sum  of  Curves  B  and  C. 

Figure  5(b)  presents  spray  angles  G  for  the  present  tests. 

The  spray  angle  O  is  defined  here  as  O  =  tan  ,  where  D 

is  the  relevant  diameter  of  damage  on  the  backup  target  and  S  is 
the  spacing  between  shield  and  target.  However,  Fig.  4(a)  shows 
that  it  is  very  difficult  to  define  one  meaningful  diameter  of  damage 
on  the  targets.  For  this  reason  two  curves  are  presented  in  Figure  5(b). 
Curve  A  is  an  estimate  of  the  spray  angle  in  which  all  the  fragments 
are  confined;  and  Curve  B  represents  spray  angles  calculated  using 
the  diameter  of  the  area  in  which  no  undamaged  portion  of  the  original 
target  surface  can  be  observed  between  craters.  The  absolute  accuracy 
of  the  above  curves  is  questionable,  however,  there  is  an  indication 
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that  the  two  curves  get  closer  as  the  shield  thickuess  iacreases. 

This  indicates  that,  as  the  shield  becomes  thicker,  a  more  complete 
and  uniform  fragmentation  of  the  projectile  occurs. 

A  similar  series  of  tests  to  the  above  were  conducted  using 
various  thickness  copper  shields.  The  projectiles  were  again  4.8 
mm  aluminum  sphbres  at  6. 1  km/sec.  In  these  tests  the  protective 
mechanism  of  the  shields  was  studied  using  flash  X-ray  techniques. 
Some  results  are  shown  in  Pig.  6  and  it  is  seen  that,  if  the  shield  is 
sufficiently  thick,  an  expanding  bubble  of  fragments  merges  from 
behind  the  shield.  Not  only  are  the  fragments  spread  over  a  large 
area,  but  also,  the  velocity  component  normal  to  the  shield  of  many 
of  the  fragments  is  significantly  reduced  below  the  velocity  of  the 
original  projectile.  Both  these  tactors  result  in  a  protected  target 
liaving  less  momentum  and  energy  per  unit  area  applied  to  it  than 
would  an  unprotected  target.  Figure  6  also  shows  that  as  the  shield 
becomes  thinner  the  spread  of  fragments  decreases  slightly  and  there 
is  less  variation  in  velocity,  normal  to  the  shield,  among  the  fragment 
The  shield  thus  becomes  increasingly  ineffective. 

3.  2.  2  The  Effects  of  Shield  Material 

Given  a  specific  weight  shield,  is  there  any  preference  in  the 
material  from  which  the  shield  is  to  be  manufactured?  Experiments 
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were  conducted  to  help  answer  this  question.  In  these  experiments 
the  projectiles  were  4,8  mm  aluminum  spheres  at  6.1  km/ sec,  the 
main  targets  were  6.  4  mm  thick  aluminum  (2024>T3)  sheets,  and  the 
spacing  between  shields  and  targets  was  5.  48  cms.  Tests  were  con¬ 
ducted  at  shield  weights  per  unit  area  (W)  of  0. 113,  0.  226  and  0.  452 
gms/cm^  using  shields  of  magnesium  (AZ31B-F},  aluminum  (2024-T3), 
titanium,  copper  (QFTP)  and  gold  (24  carat).  Unfortunately,  it  was 
not  possible  to  obtain  all  the  shield  materials  in  the  exact  required 
thicknesses.  However,  the  differences  were  felt  to  be  sufficiently 
small  not  to  influence  the  results  significantly. 

The  front  and  rear  of  the  impacted  targets  are  shown  in  Figures 
7(a)  and  (b).  In  each  figure  the  bottom,  middle,  and  upper  rows  of 
targets  correspond  to  shield  weights  of  0. 113,  0.  226,  and  0.  452  gms/ cm^, 
the  shields  are  almost  equally  effective.  However,  for  the  two  other 
shield  weights  the  effectiveness  of  the  uuields  increases  from  magnesium 
to  gold.  From  damage  graphs  (not  shown)  similar  to  that  shown  for 
aluminum  in  Fig.  5  it  is  found  that  the  optimum  shield  (excluding  spall 
effects)  of  those  tested  la  the  0. 15  mm  thick  gold  shield.  This  shield 
corresponds  to  a  shield  to  projectile  weight  per  unit  area  of  0.35. 

The  diameter  of  holes  produced  in  the  various  shields  are  shown 
in  Figure  8.  It  is  seen  that,  for  a  specific  shield  material,  the  hole 
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diameter  increases  with  shield  thickness.  Also,  for  a  specific 
weight  shield,  the  hole  diameter  decreases  as  the  shield  material  is 
changed  from  magnesium  to  titanium,  and  then  remains  fairly 
constant  for  higher  density  shield  materials, 

3.  2.  3  The  Effect  of  Shield  Strength 

Three  further  tests  were  conducted  using  4.8  mm  aluminum 
spheres  at  6. 1  km/ sec,  6.4  mm  thick  aluminum  (2024-T3)  target 
plates,  and  a  spacing  of  5.48  cms  between  the  shields  and  targets. 
The  shields  were  all  0.81  mm  thick  and  made  of  2S-0,  2024-T3  and 
7075-T6  aluminum  alloys.  The  handbook  strength  properties  of 
these  alloys  are  as  follows: 


Alloy 

2S-0 

2024-T3 

7075-T6 

2 

Tensile  Strength  (dynes/cm  ) 

9  X  10® 

48  X  10® 

57  X  10® 

2 

Yield  Stress  (dynes/ cm  ) 

3.5  X  10® 

35  X  10® 

50  X  10® 

Elongation  (%) 

45 

18 

11 

Hardness  \Brinell) 

23 

120 

150 

Shear  Stress 

6.5  X  10® 

28  X  10® 

8 

33  X  10 

It  is  seen  that,  2S-0  aluminum  is  much  weaker  than  2024>T3  and 
7075'T6  aluminum  alloys  which  are  fairly  similar  in  strength  proper¬ 
ties. 
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The  impacted  targets  are  shown  in  Figs,  9  (a)  and  (b)  and  it 
is  seen  that  the  gross  features  of  target  damage  are  not  very 
dependent  upon  shield  strength.  The  major  difference  in  the  re¬ 
sults  is  that  the  individual  craters  on  the  targets  are  largest  with 
the  least  brittle  aluminum  shield  {2S-0),  and  smallest  with  the 
moat  brittle  shield  material  (7075-T6). 

3.2.4.  The  Effect  of  Impact  Velocity 

How  does  the  effectiveness  of  a  shield  vary  with  velocity?  In 
an  endeavor  to  help  answer  this  question  the  results  of  Fig.  10 
were  obtained.  Figure  10  (a)  shows  the  total  penetration  as  a 
function  of  impact  velocity  for  aluminum  spheres  impacting  protected 
and  unprotected  aluminum  (2024-T3)  targets.  The  curve  for  the 
unprotected  target  was  taken  from  Figure  1.  The  protected  target 
results  were  obtained  using  0.81  mm  thick  aluminum  (2024-T3)  shields 
and  a  ratio  of  shield  to  projectile  weight  per  unit  area  of  0.375.  It  is 
seen  that,  up  to  about  2.5  km/sec,  the  total  depth  of  penetration  with 
the  shield  is  slightly  more  than  the  penetration  in  the  unprotected 
target.  Apparently,  at  these  velocities  it  is  easier  to  perforate  the 
shield  than  to  penetrate  an  equal  distance  into  the  main  target.  However, 
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=  a  tVip  i7pln-5ty  is  Increased  above  2.  5  km /sec  the  shield  beroire  s 
more  and  more  effective.  Some  understanding  of  what  is  happening 
as  the  impact  velocity  increases  can  be  obtained  from  the  results  of 
Figures  10  (b)  and  (c).  Figure  10  (b)  shows  some  of  the  backup 
targets  and  Fig.  10  (c)  presents  the  spray  angles  6  defined  in  the 
same  manner  as  in  Section  3.  2.  1.  These  figures  show  that  very 
incomplete  fragmentation  of  the  projectile  occurs  until  a  velocity  of 
2.  5  to  4.  1  km/sec  is  reached.  As  the  impact  velocity  is  increased 
above  this  value,  more  uniform  and  complete  fragmentation  of  the 
projectile  occurs.  This  is  reflected  in  the  fact  ll>at  Curves  A  and  B 
in  Fig.  10  (c)  get  closer  as  the  impact  velocity  is  increased;  also, 
the  total  depth  of  penetration  in  Fig.  10  (a)  becomes  less. 

The  ratio  of  shield  to  projectile  weight  per  unit  area  of  0.  375 
used  in  the  present  tests  was  chosen  on  the  basis  that  it  was  near 
the  optimum  ratio  for  minimum  total  damage  in  Figure  5  (a).  It  is 
of  Interest  to  consider  what  the  curve  of  total  penetration  will  look 
like  for  other  shield  thicknesses.  With  regard  to  this,  the  curve 
representing  penetration  in  a  semi-infinite  target  in  Fig.  10  can  be 
looked  upon  as  being  the  result  for  a  very  thick  or  negligibly  thin 
shield.  In  the  former  case,  the  projectile  will  not  penetrate  the  shield, 
and  in  the  latter  case,  the  shield  will  be  completely  ineffective.  The 
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optimum  shield  thickness  for  minimum  total  damage  ^U1  be  some¬ 
where  in  between  these  extremes,  and  may  vary  with  velocity. 

Thus,  although  the  0.81  mm  shield  used  in  the  investigation  is  near 
optimum  at  6. 1  km/sec,  it  may  not  be  the  best  shield  at  other 
velocities.  This  point  is  discussed  later  in  light  of  the  theoretical 
results. 

4.  THEORETICAL  CONSIDERATIONS 

4.  1  Theoretical  Model 

Consider  a  right-circular  cylinder  impacting  a  thin  shield. 

The  estimated  wave  pattern  shortly  after  impact  is  shown  schemati¬ 
cally  in  Figure  11  (a).  Two  shock  waves  and  S^  have  propagated 
away  from  the  interface  (I).  The  fact  that  the  projectile  is  finite  in 
diameter  is  transmitted  towards  the  axis  of  symmetry  as  rarefaction 
waves  R,  and  R,.  Also  the  formation  of  these  rarefactions  has 

X  w 

resulted  in  the  ejection  of  both  projectile  and  shield  material  in  a 
rearward  direction  (see  Figure  6).  Now  consider  the  situation  shortly 
after  the  shock  has  reflected  from  the  back  face  of  the  shield 
(Figure  11  (b)  ).  To  satisfy  the  boundary  condition  of  zero  pressure, 
the  shock  is  reflected  as  a  rarefaction  wave  R^.  The  resultant  particle 
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v«loritie“  behind  P.^'arc  such  that  the  ^profile  o£-the  back  face  of 

the  ahield  will  be  as  ehown  in  the  figure.  Ae  the  process  continues 

the  bubble  grows  due  to  the  addition  of  material  from  both  the  shield 

and  projectile.  From  a  physical  viewpoint  the  rarefaction  R  ,  R 

1  2 

and  R  ,  generated  to  satisfy  boundary  conditions,  can  be  looked 
3 

upon  as  tension  vtaves.  Hence,  fracture  will  occur  if  at  any  point 
in  the  projectile  or  shield  the  net  tensile  stress  exceeds  the  frac¬ 
ture  stress  of  the  material.  Also,  rarefactions  will  be  produced 
to  satisfy  boundary  conditions  at  any  new  fracture  surfaces,  and 
these  can  lead  to  the  occurrence  of  further  fractures.  Thus,  the 
whole  process  of  fracture  of  a  projectile  and  shield  can  be  inter¬ 
preted  as  a  multiple  spalling  phenomenon  which  starts  at  the  free 
surfaces  (see  Figure  6). 

Complete  details  of  the  flow  fields  illustrated  in  Figure  11  can, 
in  principle,  be  determined  if  the  process  is  assumed  to  be  an 
unsteady,  non-viscous,  compressible  fluid  flow  problem.  Such  an 
approach  is  somewhat  limited,  in  that  strength  effects  are  ignored 
in  the  analysis.  The  present  study  considers  several  significant 
aspects  of  the  problem.  In  this  way,  it  is  hoped  to  be  able  to  ob¬ 
tain  an  understanding  of  the  essential  features  of  the  phenomena 


81 


for  a  wide  range  of  materials  and  impact  cphdjLUpns* 


4.  2  One-Dimensional  Considerations 


4.2. 1  Maximum  Impact  Pressure 


The  flow  between  the  shocks  S  and  S  is  one -dimensional 

1  2 

until  reached  by  rarefactions  and  R^.  The  situation  in  this 
one-dimensional  region  immediately  after  impact  is  shown  in 
Figure  12.  In  this  figure,  and  in  the  subsequent  analysis,  all 
velocities  are  measured  with  respect  to  a  set  of  co-ordinates 
fixed  in  the  shield.  The  following  symbols  are  used; 


a  impact  velocity 

=  velocity  of  material  between  shocks 

a  velocity  of  shock  in  projectile 

a  velocity  of  shock  S  in  the  shield 
2 

a  pressure  in  region  between  the  shocks 
a  density  of  uncompressed  projectile  material 
=  density  of  projectile  material  at  pressure 
a  density  of  uncompressed  shield  material 
=  density  of  shield  material  at  pressure  P 


(8) 

Use  of  the  normal  shock  relationships  across  each  shock,  plus 
continuity  considerations  at  the  interface,  produce*  the  following 
equations: 


1. 


To  solve  a  specific  example,  two  more  equations  are  necessary. 

These  are  the  Hugoniot  equations  for  the  projectile  and  shield  materials. 

From  the  above  equations  the  parameters  P^,  U^,  etc.  have  been 
cclculated  for  the  case  of  aluminum  projectiles  and  shields  of  magnesium, 
aluminum,  titanium,  copper  a.id  gold.  These  materials  correspond  to 
those  used  in  the  experiments  described  in  Section  3  of  this  paper. 
Velocities  of  4.  9,  f*.  1,  7.  6,  9.  2,  and  15.2  km/ sec  have  been  used  in 
the  calculations.  Higher  velocities  were  not  considered  due  to  the  lack 
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of  Hugoniot  relationships  at  the  pressures  concerned.  Figure  13 

shows  the  Hugoniot  curves  used  in  the  present  investigation.  The 

curves  for  aluminum,  copper  and  gold  represent  a  combination  of 
(9.  10)  (11,  12) 

United  States  and  Soviet  data  up  to  pressures  of  2  to 

5  megrbars.  The  data  for  magnesium  and  titanium  was  obtained 

from  reference  9  but  is  limited  to  pressures  below  2  megabars. 

To  permit  calculations  for  impact  velocities  up  to  15.2  km/sec,  the 

latter  curves  were  extrapolated  linearly  as  shown  in  Figure  13.  This 

extrapolation  seems  reasonable  as  the  experimental  curves  arc  very 

nearly  linear  on  a  log*log  plot.  The  results  of  the  calculations  are 

presented  in  Figures  14  (a)  -  (d).  It  is  seen  in  Fig.  14  (a)  that  the 

impact  pressure  P^,  at  a  fixed  impact  velocity,  increases  as  the 

shield  material  is  varied  in  the  order  magnesium,  aluminum, 

titanium,  copper  and  gold.  Also,  Figure  14  (b)  shows  the  shock 

velocity  in  the  projectile  and  reveals  how,  in  some  cases,  the  shock 

wave  never  gets  above  the  surface  of  the  shield.  This  figure  and 

Figs.  14  (c)  and  (d)  indicate  that  the  parameters  U  ,  V  and  U  vary 

1  2 

in  an  approximately  linear  manner  with  v^. 


Now  consider  the  general  case  in  which  the  projectile  material 
and  impact  pressure  P*  (and  thus^^)  are  fixed.  Let  the  independent 
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variables  be  v^,  and  q^.  Equation  il)  then  indicates  that  the 

impact  velocity  necessary  to  generate  the  pressure  P^,  becomes 

«_ 

less  as  the  parameter  ^ increases.  This  parameter  has 

been  calculated  from  reference  (10)  for  28  metals  at  a  pressure  of 
500  Kbars,  and  the  values  are  listed  in  decreasing  order  in  Table  I. 
Unfortunatelyj  no  such  extensive  data  is  available  at  higher  pressures; 
so,  for  purposes  of  discussion,  it  is  assumed  that  the  order  of  Table  I 
applies  at  all  pressures.  With  this  assumption,  some  consideration 
shows  that  the  following  conclusion  can  be  drawn.  For  a  fixed  pro¬ 
jectile  and  velocity,  the  pressure  decreases  as  the  shield  material 
is  changed  in  the  sequence  of  Table  I.  The  results  of  Figure  14  (a) 
are  consistent  with  this  conclusion.  Obviously,  to  obtain  a  high  impact 
pressure,  a  shield  material  of  high  density  and  low  compressibility  is 
required.  Also,  it  can  be  shown  from  Eqs.  (1)  -  (3)  that,  for  a  fixed 
projectile  and  velocity,  the  velocity  v^,  increases  and  the  velocity 
decreases  as  the  shield  material  is  changed  in  the  sequence  of  Table  1. 

4.  2.  2  The  Effect  of  Shield  Thickness 

Figure  11  (b)  shows  the  situation  after  the  shock  in  the  shield  has 
reflected  as  a  rarefaction  wave  R^.  The  flow  in  the  volume  that  has 
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not  been  reached  by  the  rarefactions  and  R^  is  one -dimensional 

and  is  represented  on  an  x-t  diagram  in  Figure  15.  The  shock 

S  is  assumed  to  reflect  as  a  centered  rarefaction  R  from  the  back 
2  3 

of  the  shield.  The  leading  edge  of  this  rarefaction  travels  at 

velocity  c  relative  to  the  shield  material  (which  is  moving  at 

velocity  v  where  c  is  the  speed  of  sound  in  the  shield  material 

at  pressure  P^.  Also,  when  the  rarefaction  reaches  the  interface 

(I),  a  reflected  and  transmitted  wave  are  produced.  The  transmitted 

wave  is  a  rarefaction  R  with  the  leading  edge  traveling  at  velocity 

4 

c^  ,  relative  to  the  projectile  material  moving  at  velocity  v  .  Here 
r>  1 

again  represents  the  speed  of  sound  in  the  projectile  material  at 
pressure  P^,  Note  that  if  the  projectile  and  shield  are  made  of  the 
same  material  then  no  reflected  wave  is  produced  at  the  interface. 


If  the  shield  is  sufficiently  thin,  the  rarefaction  R  can  over- 

4 

take  and  weaken  the  shock  in  the  projectile.  It  can  be  shown  that 
the  leading  edge  of  the  rarefaction  overtakes  the  shock  at  a  point  in 
the  projectile  given  by 
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where  ^  is  measured  from  the  front  face  of  the  uncompressed  projectile 
and  t^  is  the  shield  thickness.  Thus  the  fraction  ot  the  original  pro* 
jectile  length  L  ^on  the  axis  of  symmetry,  that  experiences  the  peak 
impact  pressure  Pj  is  given  by 


P 

In  order  to  calculate  from  Eq.  (6),  it  is  necessary  to  know 

the  relevant  speeds  of  sound  c  .  and  c  for  the  materials  concerned. 

q 

If  the  equations  of  state  of  the  materials  are  known  then  the  speeds  of 
sound  can  be  found  from  the  relationship 


where  S  denotes  differentiation  at  constant  entropy.  Unfortunately, 
even  though  the  Hugoniots  of  many  materials  are  known,  their  equations 
of  state  are  not  available.  However,  the  Soviets^ have  measured 
values  of  c  for  several  materials  and  indicate  that,  for  metals  up  to 
about  3  megabars,  a  reasonable  approximation  for  the  speed  of  sound 
at  pressure  P  behind  a  shock  is  given  by 
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where  D  is  the  shock  velocity  relative  to  a  pressure  P,  and  v  is 

the  particle  velocity  behind  the  shock.  In  this  equation,  both 

these  velocities  must  be  measured  relative  to  the  undisturbed 

material  considered  at  rest.  Thus,  in  the  coordinates  of  Fig,  12, 

D  =  U  and  v  =  v  for  the  shield  material,  and  D  =  U  +  v  and 
2  1  1  o 

V  =  -  v^  for  the  projectile  material.  Hence,  from  Eq.  (7)  and 

the  data  of  Fig.  14,  the  speeds  of  sound  of  magnesium,  aluminum, 

titanium,  copper,  and  gold  have  been  calculated  as  a  function  of 

pressure  (and  thus  density).  The  results  are  presented  in 

Fig.  16,  and  have  been  used,  with  the  data  of  Fig.  14,  to  calculate 

values  of  ^  from  Equation  (6).  These  results  are  shown  in 
w 

Fig.  17  and  show  that,  for  the  same  projectile,  impact  velocity, 

and  value  of  w,  the  rarefaction  R  overtakes  the  shock  in  the 

4 

projectile  more  rapidly  as  the  shield  material  is  altered  in  the 
order  magnesium,  aluminum,  titanium,  copper,  and  gold.  Also, 
for  a  fixed  projectile  and  shield,  the  shock  in  the  projectile  is 
overtaken  more  rapidly  as  the  impact  velocity  increases. 

4.2.3  The  "Slowest"  and  Fastest  Fragment  Velocities 
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t.1  i.n«3  iree  ouricicmi  in  cne  pru- 


jectile  and  shield  at  the  ends  of  the  axial  stream  tube.  The 

fragments  produced  from  these  points  represent  extremes  of 

fragment  velocity  towards  the  target.  In  order  to  assess  the 

velocity  of  these  fragments  the  assumption  is  made  that,  when 

a  shock  corresponding  to  a  particle  velocity  ,v  and  pressure  P 

reflects  at  a  free  surface,  the  surface  is  accelerated  to  a 

velocity  2v.  This  assumption  is  discussed  in  Reference  9  and 

is  considered  to  be  reasonable  up  to  shock  pressures  of  a  few 

(14) 

megabara.  For  higher  pressures,  Bull  has  postulated  that 

after  shock  reflection,  the  surface  material  will  be  gaseous  and 

X 

will  move  at  escape  velocity  However,  the  present 

theoretical  discussion  limits  itself  to  spall  velocities  near  those 
attained  in  the  experimental  part  of  the  program,  and  the  2v  re¬ 
flection  law  is  thought  to  be  adequate.  Certainly,  Fig.  6  shows  that 
in  the  present  experiments  the  spray  is  fragmentary  in  nature 
rather  than  gaseous.  Note  that  the  2v  reflection  law  can  be 
Interpreted  as  being  made  up  of  a  contribution  v  from  the  shock  and 
a  contribution  v  from  the  reflected  rarefaction.  This  latter  contribu¬ 
tion  implies  that  sudden  release  from  a  pressure  P  adds  a  velocity 


component  v  perpendicular  to  a  free  surface. 


Firsf.'TiO'nBider  tKe‘ fragment 'of “projectile  tHafUoes'leart 


damage  to  the  target.  This  fragment  originates  from  the  center  of 

the  back  surface  of  the  projectile  and  will  be  referred  to  as  the 

"slowest"  fragment.  If  the  shock  reaches  the  rear  of  the  projectile 

without  being  overtaken  by  rarefaction  R  (or  R)  then,  by  the  assumed 

4 

reflection  law,  this  slowest  fragment  will  travel  at  a  velocity  2v^  - 
Vq  towards  the  target.  This  velocity  has  been  plotted  in  Fig.  18 
for  the  previous  example  of  aluminum  projectiles  and  various  shield 
materials.  It  is  seen  that,  for  a  magnesium  shield  the  slowest  frag¬ 
ment  moves  towards  the  target,  for  an  aluminum  shield  the  fragment 
is  brought  to  rest,  and  for  titanium,  copper,  and  gold  the  slowest  fragment 
mo'^es  away  from  the  main  target.  Note  that  the  above  calculation 
assumes  that,  at  reflection,  the  segment  of  shock  on  the  axis  of 
symmetry  is  planar  (this  point  is  discussed  more  fully  in  the  next 
section). 


Figure  18  was  plotted  on  the  supposition  that  an  unweakened 

shock  reflects  from  the  rear  of  the  projectile.  However,  if  the  shield 

is  thin  enough,  the  rarefaction  R  will  overtake  the  shock  S  at  a  point 

4  1 

in  the  projectile  given  by  Equation  (6)  (also  Figure  17).  As  this 
rarefaction  interacts  with  the  shock,  the  pressure  behind  it  is  pro¬ 
gressively  decreased.  Also,  the  particle  velocity  v^'  behind  the  shock 
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(measured  in  the  co-ordinate  system  of  Fig.  11)  is  progressively 
increased.  Thus,  upon  reflection,  the  velocity  of  the  slowest  frag¬ 
ment,  which  is  now  given  by  Zv^  -  v^  (instead  of  2v  .  v  ),  increases 
as  the  shield  is  made  thinner.  As  the  shield  thickness  tends  to  zero, 
v^'’approache8  v^  and  the  velocity  of  the  fragment  tends  to  the  original 
projectile  velocity.  Note  that,  in  the  above  discussion,  it  has  been 
assumed  that  the  velocity  of  the  slowest  fragment  is  not  affected  by 
the  fracture  process. 

Now  consider  the  velocity  of  the  fastest  fragment.  This  fragment 
originates  from  the  bottom  surface  of  the  shield  at  a  point  on  the  axial 
Bteamtube.  By  the  assumed  reflection  law  this  element  of  surface  is 
accelerated  to  a  velocity  2v^  when  the  shock  reflects  as  rarefaction 

The  variation  in  the  velocity  can  be  seen  from  Fig.  14  (d)  for  the 
case  of  aluminum  projectiles  and  various  shield  materials.  It  must 
be  remembered  that  this  velocity  only  refers  to  the  initial  motion  of 
the  surface.  The  final  velocity  of  this  element  of  surface  will  be 
determined  by  the  ensuing  wave  motion  in  the  shield.  Three  cases  can 
be  qualitatively  discussed.  First,  if  the  shield  and  projectile  materials 
are  alike,  then  the  rarefaction  does  not  interact  with  the  interface, 
and  the  axial  element  of  the  shield  is  accelera.ted  by  the  initial  shock 
reflection  to  the  initial  projectile  velocity.  Secondly,  as  a  rough  guide. 
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if  the  shield  material  is  less  dense  than  the  projectile  material 
(say  aluminum  impacting  magnesium)  the  rarefaction  interacts 
with  the  interface  to  produce  a  reflected  rarefaction  wave  in  the 
shield.  This  rarefaction  in  turn  reflects  from  the  free  surface  as 
a  compression  wave  and  so  the  process  of  wave  reflection  between 
the  back  of  the  shield  and  interface  continues.  The  net  result  of 
this  process  is  to  reduce  the  velocity  of  the  surface  to  a  value  less 
than  2v^.  The  third  and  final  situation  roughly  corresponds  to  the 
case  where  the  shield  material  is  more  dense  than  the  projectile 
material.  In  this  case  the  rarefaction  R^  interacts  with  the  inter¬ 
face  to  produce  a  reflected  compression  wave  in  the  shield.  Once 
again  multiple  wave  reflection  occurs  between  the  back  of  the  shield 
and  the  interface.  This  process  increases  the  velocity  of  the  axial 
surface  element  to  a  value  greater  than  Zv^.  Note  that  using  the 
density  ratio  of  the  shield  to  projectile  material  in  order  to  differ¬ 
entiate  the  above  three  cases  is  not  strictly  accurate, but  suffices 
to  indicate  trends.  Also,  note  that  the  above  behavior  only  applies 
for  the  period  of  time  before  the  rarefaction  R^  reaches  the  axis 
of  symmetry.  If  this  rarefaction  reaches  the  axis  before  the  shock 
reflects  from  the  back  of  the  shield  then  the  initial  velocity  of  the 
axial  element  of  shield  surface  is  no  longer  Zvj^.  The  following 

section  shows  that  this  occurs  when  t  ^  0.  72  d  .  For  this  case  the 

s 

shock  decays  due  to  divergence,  and  the  greater  the  decay,  the  more 
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the  velocity  of  the  fastest  fragment  will  be  reduced.  In  the  limit, 
if  the  shield  is  thick  enough,  no  spall  will  be  produced. 

4.  3  Three-Dimensional  Effects 

4.  3.  1  Effects  of  the  Finite  Projectile  Diameter 

In  previous  sections  of  this  paper,  conditions  on  the  axis 
of  symmetry  in  Fig.  11  have  been  calculated  using  one-dimensional 
considerations.  It  is  of  interest  to  discuss  the  limitations  of  such 
calculations. 

It  was  shown  in  Section  4.  2.  2  that  the  shock  in  the  projectile 
can  be  weakened  by  interaction  with  the  rarefaction  from  the  back 
of  the  shield.  Figure  11  shows  that  the  shock  in  the  projectile  is  also 
weakened  by  interaction  with  the  axially  symmetric  rarefaction  R^. 
This  rarefaction  originates  at  the  circumference  of  the  initial  area  of 
impact.  In  the  case  where  this  rarefaction  overtakes  the  shock  on 
the  axis  of  symmetry  before  rarefaction  R^,  it  will  travel  at  the  speed 
of  sound  relative  to  the  one-dimensional  region.  In  this  case  it 
can  be  shown  that  the  rarefaction  R^  just  meets  the  shock  on  the 
axis  of  symmetry  at  a  point  in  the  projectile  given  by 
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where  ji^ia  measured  from  the  front  face  of  the  initially  uncompressed 
projectile.  Subeuiuy.OR  in  Eq.  (9)  of  from  Eq.  (5)  {with  D  ^  i- 
and  V  =  -  v^)  yields 

^,=  o.72c£.  (10) 

This  relationship  is  seen  to  be  independent  of  material  and  impact 
velocity,  and  defines  the  maximum  length  of  projectile,  on  the  axis 
of  symmetry,  which  can  feel  the  full  impact  pressure  P^.  Similarly, 
it  can  be  shown  that  the  rarefaction  in  the  shield  just  meets  the 
shock  $2  on  the  axis  of  symmetry  at  a  point  in  the  shield  given  by 

s  0.72.06  (11) 

where  is  measured  from  the  upper  surface  of  the  undisturbed  shield. 
Thus,  this  equation  defines  the  maximum  thickness  of  shield,  on  the 
axis  of  symmetry,  which  can  feel  the  full  impact  pressure  Pj.  Also 
the  side  rarefaction  never  meets  the  axial  segment  of  the 
shock  S2  before  it  reflects  from  the  back  of  the  shield. 

Now  consider  the  one-dimensional  c^dculatio^  of  Section  4.  2.2 
which  determines  the  point  where  the  rarefaction  R^,  from  the  back  of 
the  shield,  overtakes  the  shock  in  the  projectile.  The  results  apply 
to  the  axial  streamtube,  and  are  correct  provided  the  axial  segment  of 
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H 


the  leading  edge  of  rarefaction  R  is  not  Interfered  with  by  rarefac¬ 
tions  R  and  R  before  reaching  the  shock  S  .  The  side  rarefactions 
12  1 

K  and  R  first  reach  the  axis  of  symmetry  on  the  interface  I;  hence, 
1  2 

a  reasonable  criterion  for  the  validity  of  the  results  of  Section  4.  2,2, 

is  thought  to  be  that  the  axial  segment  of  R  must  reach  the  interface 

3 

1  before  the  side  rarefactions  reach  the  axis  of  symmetry.  It  can  be 
shown  that  this  occurs  provided 


% 


Ui 


(12) 


v/hcrc  the  term  to  be  chosen  in  the  square  brackets  must  be  the  larger 
of  the  two  speeds  of  sound.  The  maximum  per  mis  sable  value  of 

(called  ),  determined  by  the  value  of  theR.  H.S.  of  Eq.  (12), 

*  mwE 

has  been  plotted  in  Fig.  19  for  the  case  of  aluminum  projectiles  and 
various  shield  materials.  These  results  will  be  referred  to  later.  For 
the  moment  consider  two  extreme  situations. 


.  In  this  case  the 

rarefactions  R  and  R  reach  the  axis  of  symmetry  well  before  the 
I  2 

rarefaction  R  from  the  back  of  the  shield  gets  near  the  projectile. 

4 

Hence,  the  motion  (and  fragmentation)  of  the  projectile  is  completely 

determined  by  the  interaction  of  rarefaction  R  and  shock  S  .  One 

1  I 


The  first  situation  is  where 
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example  of  this  situation  is  the  case  of  impact  into  an  effectively 
semi-infinite  target,  where  ^  because  t^  is  large. 

Another  example  is  the  case  of  a  very  small  diameter  projectile 
impacting  a  shield.  In  this  case  because  d  is  small. 


impacting  a  shield.  In  this  case  because  d  is  small. 

Also,  if  in  this  latter  situation  the  projectile  length  L  is  much 
greater  than  the  shield  thickness,  the  rarefaction  may  completely 
destroy  the  shock  leaving  an  undisturbed  portion  of  the  projectile 
(long  rod)  to  pass  through  the  shield. 


The  second  extreme  situation  is  when 


case  the  rarefaction  R 

4 


exerts  a  very  strong  effect  on  the  motion  of 


the  projectile.  Tor  instance,  the  results  of  Section  4.2.2  are  correct. 


and  the  shock  in  the  projectile  can  be  completely  nullified  by  rarefaction 
^4’  example  of  such  a  situation  has  often  been  shown  in  free-flight 
ranges  when  a  hypersonic  projectile  has  penetrated  a  thin  mylar 
diaphragm  without  damage.  In  this  case  the  initial  impact  pressure 
can  be  very  high,  however,  because  ,  the  release 

rarefaction  destroys  the  shock  in  the  projectile  almost  immediately. 


Between  the  above  two  extreme  situations,  the  projectile  motion 

is  determined  by  a  combination  of  effects  due  to  the  interaction  of 

shock  S  and  rarefactions  R  and  R  . 

^  I  4 
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4.  3.  2  Eatltna.tion  of  Spray  Angles 

The  fragments  coming  through  the  shield  in  Fig.  11  are 

confined  to  a  conical  volume  of  space.  The  author  feels  that  the 

following  method  for  estimating  the  verte:'  angle  of  this  cone  is 

(14) 

illustrative.  The  method  was  first  used  by  Bull  ,  however, 
only  for  the  case  where  the  projectile  and  shield  were  assumed 
to  be  in  a  gaseous  state. 

It  is  assumed  that  the  complete  front  portion  of  the  projectile 

is  uniformly  compressed  to  the  one-dimensional  pressure  P  and 

I 

particle  velocity  v^  by  the  shock  S, .  It  is  then  assumed  that  the 

projectile  is  suddenly  released  to  atmospheric  pressure.  One  can 

crudely  visualize  the  instantaneous  release  of  constraint  being 

caused  by  the  flow  and  fragmentation  of  the  shield  material  adjacent 

to  the  projectile.  The  assumed  flow  in  the  projectile  shortly 

after  this  release  is  shown  in  Figure  20  (a).  An  axially  symmetric 

rarefaction  R  has  been  generated  at  the  cylindrical  boundaries  and 
c 

starts  to  accelerate  the  projectile  radially.  This  rarefaction  grows 
in  strength  as  it  proceeds  toward  the  axis  and  will  cause  fracture. 
Another  axially  symmetric  rarefaction  will  subsequently  proceed 
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inward  from  the  new  boundary  and  the  process  will  be  repeated,  la 
accordance  with  the  previous  discussion  (Section  4.  2.  3),  it  is  assumed 
that  sudden  release  from  pressure  corresponds  to  a  radial  velocity 
component  v^  -  v^  for  the  outermost  fragments.  Also,  since  the 
initial  flow  is  translating  with  a  velocity  v^  the  envelope  of  the  expansion 
products  will  be  a  cone  of  semi-vertex  angle  given  by 


In  iddition,  if  a  plug  of  shield  of  the  same  diameter  as  the  projectile 
is  assumed  to  be  compressed  to  a  pressure  by  the  impact  and 
then  suddenly  released,  the  vertex  angle  of  the  spray  of  shield  frag¬ 
ments  will  be  given  by 

O  =  tan*  —  =  45®  (14) 

8  Vj  ' 

The  spray  angles  calculated  from  Eq.  (13)  for  the  case  of  an 
aluminum  projectile  and  various  shields  are  presented  in  Figure  20(b). 

This  completes  the  present  theoretical  description  of  thin  shield 

impact.  Some  consideration  is  now  given  to  the  well-known  theory  of 
(5) 

Lull  .  In  a  later  section  of  this  paper  (Section  6)  the  present  theory 
and  that  of  Lull  will  be  compared  critically  with  the  previously  presented 
experimental  results. 


98 


PROTECTIVE  ABIt^TY  OP  THIN  SHIEI^D  7 
5.  THE  THIN  TARGET  THEORY  OF  L-ULL^^^^ 

As  opposed  to  the  previous  theoretical  discussion..  Lull's 
theory  does  not  consider  the  details  of  wave  motion  In  the  projectile 
and  shield  immediately  after  impact.  His  theory  treats  the  gross 
process  and  uses  simple  arguments  of  conservation  of  momentum 
and  energy.  The  theory  is  as  follows. 

The  assumed  sequence  of  events  after  impact  is  illustrated 
in  Figures  21(a)  to  (c).  The  projectile  is  first  assumed  to  punch 
out  a  section  of  the  shield  of  area  equal  to  the  presented  area  of  the 
projectile.  Shortly  after  impact,  the  projectile  and  punched-out 
section  of  the  shield  are  assumed  to  have  moved  out  of  contact  with 
the  remainder  of  the  shield.  A  momentum  balance  then  gives 

"“ro  =  <”^1  ''z 

where  m^  is  the  projectile  mass,  m^  is  the  mass  of  the  segment  of 
shield,  v^  is  the  impact  velocity,  and  v^  is  the  velocity  of  the  pro¬ 
jectile-shield  segment  combination.  The  energy  balance  gives 
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where  L£  is  the  increase  in  internal  energy  of  the  projectile  and 


(16) 


Lull  then  assumes  that  the  projectile  and  shield  segment  shatter,  and 
all  of  the  increase  in  internal  energy  goes  into  accelerating  the  material 
in  a  radial  direction.  The  projectile  and,  shield  material  are  then 
assumed  to  be  distributed  uniformly  throughout  an  expanding  sphere  ^ 
the  center  of  gravity  of  which  is  moving  at  velocity  v^.  This  situation 
is  shown  in  Fig.  21  (c)  which  defines  the  parameters  Vj,  Oj  and 
From  the  above  assumptions  it  can  easily  be  shown  that 
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Note  that  ia  the  spray  angle  of  the  leading  hemisphere  of  debris, 
and  la  lac  Spiay  angle  of  the  trailiag  hemisphere.  Note  alec 
that  the  velocity  of  the  fastest  fragment  is  given  t>y 


and  the  velocity  of  the  "slowest"  fragment  is  given  by 


Equations  (18),  (19),  (20),  and  (21)  are  plotted  in  Figures  22  (a) 
and  (b).  The  results  of  these  figures  are  discussed  more  fully 
in  the  next  section  of  this  paper. 


6.  COMPARISON  OF  THEORY  AND  EXPERIMENT 


In  this  section  the  experimental  results  of  Section  3  will  be 
discussed  in  terms  of  the  theoretical  considerations  of  Sections  4 
and  5,  Although  the  experiments  were  performed  using  spherical 
projectiles  (whereas  the  theories  refer  to  cylindrical  projectiles) 
it  is  felt  that  this  comparison  is  reasonable  provided,  in  both  cases, 
equal  weight  projectiles  of  approximately  the  same  basic  dimensions 
are  considered. 
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6. 1  The  Effect  of  Shield  Thickness 

The  series  of  experiments  described  in  Section  3.  2.  1  were 
such  that  only  the  shield  thickness  was  varied.  Theoretical  con- 

I 

siderations  (Section  4.  2.  1)  indicate  that  in  all  such  impacts  the 

initial  impact  pressure  and  particle  velocity  v^  will  be  the  same. 

However,  Sections  4.2.2  shows  that  the  rarefaction  R,  will  overtake 

4 

■  shock  S,  in  the  projectile  much  more  quickly  as  the  shield  is  made 
thinner.  .As  a  result  of  this.  Section  4.  2.  3  points  out  that  the  deceler¬ 
ation  of  llie  back  of  the  projectile,  and  hence  the  spread  between  the 
fastest  and  slowest  fragments,  becomes  less  as  the  shield  is  made 
thinner.  The  X-ray  results  of  Figure  6  confirm  this  conclusion. 

CociSider  in  particular  the  results  for  an  aluminum  projectile 

and  shield.  It  is  fairly  obvious  that  the  thicker  the  shield  the  greater 

will  be  the  deceleration  and  fragmentation  of  the  projectile.  However, 

Curve  C  in  Fig.  5  (a)  indicates  that  the  damage  to  the  back-up  target 

decreases  very  little  for  values  of  ^  greater  than  about  0.3.  The 

d 

reason  for  this  has  been  determined  from  X-rays  which  indicate  that, 

for  values  of  *8  less  than  about  0.  3,  the  fragments  are  not  uniformly 
d 
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distributed  in  apace.  In  light  of  these  facts  it  is  interesting  to 

note  that,  for  an  aluminum  projectile  and  shield  at  6.  1  km/ sec, 
t 

8  • 

—  3  0.  3  corresponds  to  the  situation  where  the  rarefaction  R, 
d  *  il 

reaches  the  axis  of  symmetry  before  the  rarefaction  reaches 
the  projectile  (see  Fig.  19).  Thus,  it  would  appear  that,  when  this 
happens,  the  effect  of  the  rarefaction  on  the  subsequent  projectile 
motion  and  fragmentation  is  small.  Physically  one  can  envisage  that 
shortly  after  R^  has  reached  the  axis  of  symmetry,  it  has  effected  almost 
complete  fragmentation  of  the  projectile  and  there  is  little  continuous 
portion  of  the  projectile  remaining  for  R^  to  effect. 

Now  consider  the  spray  angle  Q  in  which  the  debris  is  confined. 
Equations  (12)  and  (13)  show  that,  for  an  aluminum  projectile  and 
shield,  the  spray  angle  O  is  45**  irrespective  of  shield  thickness. 

The  results  of  Fig.  5  (a)  (Curve  A)  from  Section  3.  2.  1  agree  with 
this  value  fairly  well.  However,  the  majority  of  the  debris  (Curve  B) 
is  confined  in  a  cone  of  semi-vertex  angle  less  than  half  that  estimated 
theoretically. 

It  is  of  interest  to  consider  Lull's  theory  in  light  of  the  experi¬ 
mental  results  of  Section  3.  2.  1.  Figure  22  (a)  shows  that  the 
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estimates  of  spray  angle  from  this  theory  are  also  much  greater 
than  the  actual  spray  angle  in  which  most  of  the  debris  is  concen¬ 
trated.  Also,  Fig.  22  (b)  shows  that  the  spread  between  the  velocity 
of  the  fastest  and  slowest  fragment  becomes  less  as  the  shield  is 
made  thinner.  This  is  consistent  with  the  experimental  results. 
However,  this  figure  shows  that  the  velocity  of  the  fastest  fragment 
is  always  faster  than  the  original  projectile  velocity.  The  theory  of 
Section  4.  2.  3  suggests  that  this  can  only  be  true  for  very  thin  shields 
of  lower  density  than  the  projectile.  Another  comment  concerning 
Lull's  theory  is  that,  even  for  very  thin  shields,  it  assumes  the 
fragments  are  uniformly  distributed  in  space  (Fig.  22  (c)  ).  X-ray 
results,  similar  to  those  shown  in  Fig.  6,  indicate  that  this  does 
not  occur  until  the  ratio  of  shield  to  projectile  weight  per  unit  area 
is  about  0,  3. 

5.2  The  Effect  of  Shield  Material 

Consider  the  series  of  experiments  described  in  Section  3.  2.2 
in  which  the  shield  weight  was  held  constant  and  the  shield  material 
varied.  Theoretical  considerations  (Section  4.2.  1)  indicate  that  as 
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the  shield  material  is  altered  in  the  order  magnesium,  aluminum, 

titaniuni,  csppsi'  a»id  gold,  tliu  nvjpact  ^loobuic  increases, 

and  the  particle  velocity  decreases.  Also,  Section  4,3.2  predicts 

that  the  spray  angle  increases  as  the  shield  material  is  altered  in 

the  above  sequence.  Both  the  above  effects  suggest  that  as  the  shields 

are  altered  in  this  sequence  they  will  become  increasingly  more 

effective  due  to  increased  fragmentation,  deceleration  and  spread  of 

the  debris.  However,  there  is  another  effect,  discussed  in  Sections 

4.2.2  and  4.3.1,  to  take  into  account.  This  factor,  illustrated  in 

Figs.  17  and  19,  refers  to  the  fact  that,  as  one  progresses  from 

equal  weight  shields  of  magnesium  to  gold,  the  rarefaction  R  starts 

4 

to  exert  a  greater  influence  on  the  fracture  mechanism  by  overtaking 

the  shock  S  in  the  projectile  more  quickly.  Thus,  as  the  shields 

are  altered  in  the  above  sequence  from  magnesium  to  gold,  the  shock 

in  the  projectile  is  much  sooner  reduced  in  intensity.  This  trend 

tends  to  continually  reduce  the  fragmentation,  deceleration  and  spread 

of  the  projectile  material,  as  the  progressively  decaying  shock  travels 

back  into  the  projectile.  It  can  be  expected  that  the  best  shield 

material,  on  a  fixed  weight  basis,  will  depend  on  which  of  the  above 

effects  predominate.  In  this  regard,  the  experimental  results 

indicate  that,  at  6.  1  km /sec,  the  two  effects  are  compensating  for  a 

,  2 

shield  weight  of  0.113  gms/cm  .  However,  for  greater  ratios  of 
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shield  to  projectile  weight  per  unit  area,  the  effectiveness  of  the 

shields  increase  from  maifnesium  to  gold.  i.  e.  as  inrrc^ses. 

In  contrast  to  this,  it  is  expected  that  for  shield  weights  less  than 
2 

0. 113  gms/cm  ^  the  role  will  be  reversed  and  the  effectiveness  of 

the  shields  will  increase  as  P  decreases. 

1 

A  few  further  comments  concerning  spray  angles  in  the  present 
tests  are  pertinent.  The  theory  of  Section  4.  3.2  suggests  that  the 
projectile  spray  angle  will  increase  as  the  shields  are  altered  in  the 
order  magnesium,  aluminum,  titanium,  copper,  and  gold.  While 
there  is  some  evidence  of  this  occurring,  the  experimental  spray 
angles  are  all  found  to  be  fairly  similar  with  most  of  the  debris 
(Curve  B)  confined  in  a  cone  of  semi-vertex  angle  less  than  half  that 
predicted  in  Figure  20  (b).  Another  point  of  interest  is  that  with  a 
magnesium  shield  the  debris  from  the  shield  is  predicted  to  lie  com¬ 
pletely  within  the  cone  of  debris  from  the  projectile.  The  results  in 
Figure  7  (a)  for  magnesium  shields  show  two  distinct  damage 
regions  and  seem  to  indicate  that  this  does  occur.  Note  that  for 
all  the  other  shield  materials,  the  debris  from  the  projectile  is 
predicted  to  be  within  the  cone  of  fragments  from  the  shield. 
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Again  it  is  of  interest  to  compare  Lull's  theory  with  the 
experimental  results.  This  theory  predicts  that,  provided  the 
weight  of  shield  per  unit  area  is  held  constant,  the  shields  should 
be  equally  effective  irrespective  of  shield  material.  The  experimental 
results  of  Section  4.  3.  2  indicate  that  at6.  1  km/sec  this  is  not  so, 
however,  it  is  a  fairly  good  first  approximation. 

5.  3  The  Effect  of  Impact  Velocity. 


Consider  the  series  of  experiments  described  in  Section  3.  2.  4 
in  which  only  the  projectile  velocity  is  altered.  As  the  impact  velo¬ 
city  increases.  Sections  4.  2.  1  and  4.  2.  3  indicate  that  the  velocity 
v^,  and  hence  the  velocity  of  the  debris  coming  through  the  shield, 
will  increase.  Also,  Sections  4.  2.  2  and  4.  3.  1  show  that  the  rare¬ 
faction  R^  starts  to  exert  a  greater  influence  on  the  fracture  process 
by  overtaking  the  shock  in  the  projectile  more  quickly  with  increasing 
velocity.  The  above  effects,  coupled  with  the  fact  that  the  spray  angle 
is  predicted  to  be  fairly  independent  of  impact  velocity,  suggest  that 
a  given  shield  may  become  less  effective  against  a  specific  projectile 
as  the  impact  velocity  increases.  However,  there  is  another  factor  to 
consider,  based  on  the  size  of  fragments  produced  by  the  impact. 
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Obviously  the  size  of  fragment  tends  to  decrease  as  the  impact 
velocity,  and  hence  P^,  increases.  Thus,  how  the  effectiveness  of 
a  specific  shield  varies  with  impact  velocity  depends  upon  the  relative 
importance  of  the  above  effects. 

Consider  the  results  of  Figure  10  (a).  The  total  depth  of 
penetration  for  a  0.81  mm  shield,  as  the  velocity  increases,  is 
seen  to  increase,  reach  a  maximum, and  then  decrease.  This  be¬ 
havior  appears  to  be  dominated  by  the  size  of  projectile  fragment 
produced  upon  impact.  Figure  10  (b)  shows  that,  up  to  a  velocity  of 
between  2.  5  to  4.  5  km/sec  (Pj  of  2  -  6  x  10^^  dynes/cm^),  very  incomplete 
fracture  of  the  projectile  occurs.  Hence,  in  this  region,  the  projectile 
is  effected  very  little  by  the  shield,  and  the  total  depth  of  penetration 
approximates  that  in  a  semi-infinite  target.  As  the  velocity  is  in¬ 
creased  further,  the  fragments  of  projectile  becomes  smaller  and 
more  uniformly  distributed.  Apparently,  this  effect  more  than  neutral¬ 
izes  the  fact  that  the  velocity  of  the  debris  increases  with  increasing 
impact  velocity,  for  the  depth  of  penetration  in  Fig.  10  (b)  decreases 
as  v^  increases.  It  should  be  noted  that  this  type  of  behavior  might 
not  always  occur.  For  instance,  if  the  shield  is  too  thin,  rarefaction 
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can  predominate  and  rapidly  reduce  the  pressure  pulse  in  the  pro¬ 
jectile  at  all  impact  velocities.  In  this  case,  the  essentially  complete 
rear  portion  of  the  projectile  penetrates  the  shield,  and  the  damage 
curve  tends  to  follow  the  curve  for  an  unprotected  semi-infinite  target 
(zero  shield  thickness).  Also,  as  the  shield  becomes  very  thick,  the 
curve  for  total  depth  of  penetration  again  tends  to  follow  the  curve  for 
an  unprotected  semi-infinite  target.  In  this  case  the  damage  due  to  the 
proje.ctile  fragments  may  be  very  small,  with  the  majority  of  the  depth 
of  penetration  occurring  in  the  shield  itself. 
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CONCLUSIONS 


The  present  study  of  thin  shield  impact  is  not  yet  complete; 
however,  the  results  obtained  to  date  lead  to  certain  conclusions. 
Some  of  these  conclusions  are  now  presented. 

1.  The  present  experimental  and  theoretical  results  have  indicated 
that  a  shield  is  effective  because  it  fragments  the  projectile,  spreads 
the  fragments,  and  reduces  the  velocities  of  the  fragments  normal  to 
the  target.  As  a  shield  is  made  thinner  the  spread  of  fragments 
decreases  and  the  velocities  of  the  fragments  tend  to  the  original 
projectile  velocity.  Conversely,  as  the  thickness  of  a  shield  in¬ 
creases,  its  effectiveness  increases.  However,  there  does  exist  an 
optimum  shield  thickness  for  which  the  total  depth  of  penetration, 
including  shield  thickness,  is  a  minimum.  For  aluminum  projectiles 
at  6.  1  km/sec  and  aluminum  shields  this  optimum  shield  thickness  is 
such  that  a  ,03  .  This  value  corresponds  to  the  situation 

where  the  release  rarefaction  R  from  the  back  of  the  shield  just 

3 

enters  the  projectile  as  the  side  rarefaction  R  converges  upon  the 
axis  of  symmetry.  Physically,  one  can  envisage  that  when  has 
reached  the  axis  of  symmetry  it  has  almost  effected  complete  frag¬ 
mentation  of  the  projectile,  and  there  is  little  continuous  portion  of 
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the  projectile  remaining  to  be  influenced  by  rarefaxtion  R  .  Thua. 
there  is  no  point  in  making  a  shield  any  thicker  than  the  thickness 
corresponding  to  the  above  situation. 

2.  A  comparison  has  been  made  of  the  effectiveness  of  various 

shield  materials  .keeping  the  weight  3f  the  shield  constant.  It  is 

found  that  for  a  shield  to  projectile  weight  per  unit  area  of  almost 

0.13  the  shields  are  equally  effective.  However,  for  ratios  of 

shield  to  projectile  weight  per  unit  area  greater  than  this  value,  the 

shields  become  slightly  more  effective  as  the  initial  impact  pres> 

sure  P  increases,  (see  Table  1).  This  result  has  been  discussed 
I 

in  terms  of  the  theoretical  considerations. 

3.  Tests  were  conducted  to  investigate  the  effect  of  projectile 

velocity  on  the  effectiveness  of  a  specific  shield.  It  is  found  that, 

,10  2 

up  to  an  impact  pressure  P^  of  2  -  6x10  dynes/cm  (v^  a  2.  5  -  4.  5 
km/sec},  incomplete  fragmentation  of  the  projectile  occurs  and  the 
total  depth  of  penetration,  including  shield  thickness,  is  no  less 
than  with  an  unprotected  target.  Above  this  point,  the  total  depth 
of  penetration  is  found  to  increase  or  decrease  with  increasing 
impact  velocity,  depending  upon  the  shield  thickness.  If  the  shield 
is  too  thin  or  too  thick,  the  total  depth  of  penetration  will  increase 
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as  the  impact  velocity  increases.  The  most  effective  shields  are 
in  between  these  limits,  and  the  damage  with  these  shields  is  found 
to  decrease  with  increasing  impact  velocity.  The  reason  for  the 
above  behavior  has  been  explained  by  the  theoretical  considera¬ 
tions. 


4,  In  light  of  the  above  conclusions,  the, author  presents  the 
following  procedure  to  determine  an  adequate  shield  to  give  near 
minimum  total  depth  of  penetration  with  a  specific  projectile 
(“j —  ^  )  ♦  Because  the  present  study  of  thin  shield  impact  is 

not  yet  complete,  this  design  procedure  must  be  regarded  as 
very  preliminary. 

The  first  step  in  the  method  is  to  determine  the  thickness  of 

shield,  of  same  material  as  the  projectile,  such  that  rarefaction 

^  just  enters  the  projectile  as  rarefaction  R  reaches  the  axis  of 
^  1 

symmetry  (see  Section  4.  3. 1,  Eq.  12).  Then  choose  an  equal 
weight  shield  made  of  a  material  as  high  in  Table  I  as  is  consistent 
with  other  requirements  (cost,  structural,  radiation  shielding  etc.). 
The  above  calculation  is  made  at  a  specific  impact  velocity,  however. 
Fig.  19  indicates  that  the  calculated  shield  thickness  will  be  fairly 
independent  of  impact  velocity.  It  can  thus  be  assumed  that  the 
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shield  v/ill  be  reasonably  effective  at  all  impact  velocities.  Finally  the 
results  of  Section  3  indicate  that  there  is  some  advantage  in  using 
a  strong  alloy  of  the  chosen  shield  material. 
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gma/.cc _  cut  Soo  K\ta.rr 


C /- 


Platinum 

21.37 

1.3 

16.  4 
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1.7 

11.  3 
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1.7 

11.0 
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12.42 

1.35 

9.  2 

Tantalum 

16.46 

1.9 

8.7 
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1.7 

7.  0 
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10.  2 

1.45 

7.  0 

Nickel 

8.86 

1.8 

4.9 
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8.82 

1.8 

4.9 
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1.8 

4.8 

Silver 

10.  49 

2.  2 

1 

4.8 
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7.  13 

1.55 

4.  6 

Copper 
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2.  1 

4.  2 

Iron 
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7.84 
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2.  2 

DO  ^  00 

c  .H  a 

•H  rn  •H 

4.  1 

3.8 

5  “ 

Thallium 

11.84 

3,  2 

flj  «> 

V  Z  V 

3.  7 

S  h 

Thorium 

11.68 

3.  3 

u  u  V 

U  l-M 

3.  5 

Lead 

11.34 

3.  3 

3.  5 

Cadmium 

8.64 

2.7 

3.  2 

Zinc 

7.  14 

2.6 

2.8 

Tin 

7.  28 

3 

2.4 

Zirconium 

6.49 

2.9 

2.  2 

Indium 

7.  27 

3.  3 

2.  2 

Titanium 

4.51 

2.  5 

1.8 

Aluminum 

2.78 

2.7 

1.0 

Beryllium 

GO 

2.  4 

0.8 

Magnesium 

1.74 

4.  1 

0.4 

Bismuth 

0.79 

3.  4 

0.  2 
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Depth  of  Penetration  in  Effectively  Semi-Infinite  Targetc-  of 
Aluminum  (2024-T3) 

Depth  of  Penetration  in  Effectively  Semi-Infinite  Targets  of 
Aluminum  (1100  F) 

Comparison  of  Experimental  Depth  of  Penetration  in  2024-T3 
and  1100  F  Aluminum. 

Effect  of  Shield  Thickness  -  Aluminum  Shields,  4.  8  mm 
Aluminum  Projectiles  at  6.  1  km/sec,  5.48  cms  Spacing 
Between  Shields  and  Targets.  Front  of  Targets  Shown. 

Effect  of  Shield  Thickness-  Aluminum  Shields,  4.  8  mm 
Aluminum  Projectiles  at  6.  1  km/sec,  5.  48  cms  Spacing 
Between  Shields  and  6.  4  mm  Thick  Aluminum  (E024-T3) 
Targets.  Rear  of  Targets  Shown. 

Equivalent  Depth  of  Penetration  for  Aluminum  Shields  of 
Various  Thicknesses,  4.8  mm  Aluminum  Projectiles  at 
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Spray  Angle  for  Aluminum  Shields  of  Various  Thicknesses. 

4.  8  mm  Aluminum  Projectiles  at  6.  1  km/sec,  5.48  cms 
Spacing  Between  Shields  and  Targets. 
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Fig.  6.  X-Rays  of  Impacts  of  4.  8  mm  Aluminum  Projectiles  at 

6.  1  km/sec  Against  Various  Thickness  Copper  Targets. 

Fig.  7  (a)  Effect  of  Shield  Material  -4.8  mm  Aluminum  Projectiles 
at  6.  1  km/sec,  5.48  cms.  Spacing  Between  Shields  and 
6.  4  mm  Thick  Aluminum  (2024-T3)  Targets.  Front  of 
Targets  Shown. 

Fig.  7  (b)  Effect  of  Shield  Material  -4.8  mm  Aluminum  Projectiles  at 
6.  1  km/sec,  5.48  cms  Spacing  Between  Shields  and  6.4 
mm  Thick  Aluminum  (2024-T3)  Targets.  Rear  of  Targets 
Shown. 

Fig.  8  Diameter  of  Holes  in  Shields  of  Various  Materials.  4.8  mm 

Aluminum  Projectiles  at  6.  1  km/sec. 

Fig.  9  (a)  Effect  of  Shield  Strength  -  0.  81  mm  Aluminum  Alloy  Shields. 

4.  8  mm  Aluminum  Projectiles  at  6.  1  km/sec.  5.  48  cms 
Spacing  Between  Shields  and  6.  4  mm  Thick  Aluminum  (2024-T3) 
Targets.  Fron  of  Targets  Shown. 

Fig.  9  (b)  Effect  of  Shield  Strength  -  0.  81  mm  Aluminum  Alloy  Shields. 

4.  8  mm  Aluminum  Projectiles  at  6.  1  km/sec.  5.  48  cms 
Spacing  Between  Shields  and  6.  4  mm  Thick  Aluminum  (2024-T3) 
Targets.  Front  of  Targets  Shown. 
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ABSTRACT 

This  paper  siunmarizes  a  series  of  experimental  programs 
conducted  to  study  hypervelocity  impact  and  penetration 
phenomena  for  finite  metal  targets.  Aluminum  and  titanium 
projectiles  have  been  projected  against  0.  032  to  4.  00-in. 
thick  aluminum  targets  at  velocities  from  3  to  12  km/sec. 
Photographs  and  curves  show  the  observed  relations  between 
target  hole  sizes,  crater  shapes,  etc.  and  the  projectile 
variables.  Effect  of  Special  projectiles  such  as  long  rods 
and  thin  foils  is  presented. 
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R.  B.  Mortens  en 
J.  E.  Ferguson 
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K.  N.  Kreyenhagen 
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Downey,  California 


I.  INTRODUCTION 

This  paper  discusses  the  effects  of  hypervelocity  impact  by  0.  1  to  10.  0- 
gm  aluminum  and  titanium  projectiles  from  3  to  12  km/ sec  against  finite 
aluminum  targets,  varying  in  thickness  from  .032  to  1.000-inches,  As  a 
result  of  the  target  thickness  selection,  nearly  all  firings  resulted  in 
complete  penetration.  The  data  gathered  show  the  effect  of  projectile 
mass  and  velocity  on  damage  area  in  the  relatively  thin  plate  targets. 
Projectile  breakup  and  secondary  damage  capability  is  described.  Also 
dificussed  is  the  effect  of  target  thickness  upon  damage  area  and  special 
damage  effects  from  such  extreme  projectile  shapes  as  rods,  flat  thin 
shoots,  and  hollow  shapes. 

The  work  reported  was  performed  under  Contract  AF  08(635)- 1382  with 
the  Weapons  Laboratory,  Oet.  4,  ASD,  Eglin  Air  Force  Base,  and  under 
Contracts  AF  08(635)-975  and  AF  08(635)-2552  with  the  Ballistics  Branch, 
Directorate  of  Aerospace,  Eglin  Air  Force  Base. 


II.  ACCELERATORS 

Four  acceleration  techniques  were  employed  to  obtain  flexibility  in  the 
aovofal  hundred  Impact  experiments  which  form  the  basis  for  these  studies. 
Since  special  projectors  are  the  subject  of  another  paper  (Reference  1} 
at  this  symposium,  no  detailed  description  will  be  given  here.  The 
projectors  are: 

A.  The  Shaped-Charge  Hypervelocity  Projectile  Accelerator 

This  is  a  specially  adapted  shaped  charge  that,  through  special  initiation, 
projects  discrete  aluminum  fragments  in  the  0.  1  to  1.  0-gm  range  at 
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velocities  up  to  12  km/ sec.  The  majority  of  data  have  been  in  the  8  to 
lO-km/sec  range,  obtained  with  a  42°  cone  liner.  Higher  velocities  are 
obtained  from  a  25°  cone  liner. 

B.  Explosive  Cavity  Charge  Projector 

This  projector,  which  has  been  described  in  detail  at  earlier  symposia, 
basically  consists  of  a  2-in.-dia  x  6-in.- long  explosive  cylinder  that  is 
initiated  from  one  end  through  a  tetryl  booster.  The  projectile  is 
mounted  In  a  cavity  in  the  opposite  end  of  the  cylinder.  Through  use  of 
various  explosives  (TNT,  Composition  C-4,  Composition  B,  and  Octol) 
and  by  changing  the  diameter  and  depth  of  the  cavity,  0.  1  to  10.  0-gm 
titanium  discs  have  been  projected  at  velocities  from  3  to  6.  5  km/sec. 
Actual  recovery  of  projectiles  form  the  basis  for  determination  of  the 
shape  and  mass  of  the  projectiles  at  the  time  of  impact.  This  projection 
technique  has  been  used  for  the  majority  of  firings  with  compact  projec¬ 
tiles.  It  has  also  been  used  for  firing  with  square  cross-section  rod 
projectiles  (L/D  of  3  and  10),  either  for  side-on  impact  or,  through 
controlled  tumbling,  for  end-on  impact. 

C.  Explosive  Plate  Projector 

This  projector  la  used  for  all  projectiles  that,  due  to  material  or  shape, 
are  unsuited  for  acceleration  in  light  gas  guns  or  explosive  projectors. 
The  explosive  plate  projector  can  be  used  at  velocities  as  high  as  3.  5 
km/scc  with  a  5  x  5  in.,  0.  100-ln, -thick  aluminum  plate.  This  target 
plate  has  been  standard  for  a  majority  of  test  firings  with  explosive 
projectiles,  thin  foils,  verv  thin  rods,  and  hollow,  thin-wall  spheres. 

In  special  cases,  a  6  x  6-ln.  plate  has  been  used.  Target  damage  is 
ascertained  from  orthogonal  flash  radiograph  pictures  obtained  at  various 
times  during  and  after  penetration.  The  damage  area  measurements 
obtained  through  this  method  are  believed  accurate  within  1%. 

D.  Light  Gas  Cun 

A  20mm,  0.  30  Cal  light  gas  gun  of  the  NRL  type  has  been  used  for  a 
number  of  firings  with  aluminum  and  titanium  compact  and  rod- shaped 
projectiles.  Most  of  these  firings  have  been  in  the  3  to  d-km/sec  range. 
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lU.  PERFORATION  OF  ALUMINUM  BY  TITANIUM  AND  ALUMINUM 
AT  3.  S-a.  1  KM/SEC 

A.  Titanium  on  Aluminum 

Titanium  discs,  L/D  1/3,  and  ranging  in  mass  from  .  083  to  8.  2  grams, 
have  been  impacted  against  0.  lO.O-in.-thick  2014-T6  aluminum  target 
plates  in  order  to  study  the  hole  formation,  the  projectile  breakup,  and 
the  damage  to  second  target  plates  behind  the  initial  plate.  Most  of  these 
teats  used  the  cavity  charge  to  accelerate  the  discs  against  a  stationary 
target  plate.  The  higher  velocities,  however,  required  an  arrangement 
wherein  cavity  charges  and  explosive  plate  projectors  were  counterfired 
towards  each  other. 

1.  Hole  Area  vs  Impact  Velocity 

Figure  1  siimmarlzes  the  effect  of  impact  velocity  upon  the  area  of  the 
hole  produced  in  the  initial  target  plate.  Hole  size  data  have  been  nor* 
malized  by  dividing  by  the  area  of  the  impacting  projectiles  (In  this  case, 
by  the  average  presented  area  of  a  tumbling  projectile,  since  orientation 
at  impact  was  not  determined).  The  ratio  of  hole  area  to  projectile  area 
is  seen  to  increase  with  higher  velocities,  but  at  a  decreasing  rate.  It 
was  interesting  to  observe  in  the  several  hundred  firings  which  are 
summarized  by  Figure  1  that  the  target  holes  were  always  circular  or 
nearly  so,  despite  the  fact  that  many  of  the  tumbling  projectiles  Impacted 
on  edge. 

2.  Projectile  Breakup 

When  projectiles  impact  thin  plates,  the  interactions  of  the  strong  shock 
wave  with  the  sides  and  back  of  the  projectile  and  with  the  free  front  and 
rear  surfaces  of  the  target  produce  several  distinct  phenomena  which  are 
nearly  always  observable.  These  are:  a.  "Spraying"  of  high  velocity 
particles  from  the  front  surface  of  the  target  adjacent  to  the  Impact  zone, 

b.  Ejection  of  an  envelope  of  spall  particles  from  the  rear  surface  of  the 
target.  These  are  mentioned  in  a  subsequent  section  of  this  paper. 

c.  Extensive  fragmentation  of  the  projectile,  such  that  compact  projectiles 
will  emerge  from  targets  of  reasonable  thicknesses  in  several  or  many 
small  pieces. 

The  magnitude  of  this  fragmentation  is  illustrated  by  the  size  distribution 
given  in  Figure  2  for  the  residual  fragments  recovered  after  penetration 
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of  a  0.  lOO-in.  aluminum  plate  by  a  8.  Z-gram  titanium  disc  impacting  at 
3.  7  km/ sec.  The  pressure  generated  by  Impact  under  these  conditions 
can  be  calculated  from  Hugoniot  data  to  be  478  kllobars.  Target  spall 
particles  and  projectile  fragments  were  separated  by  flotation.  The 
projectile  was  broken  into  more  than  3,  500  fragments. 

3.  Second  Plate  Perforation 

Perforation  of  a  second  target  plate  will  occur  either  (1)  if  the  energy  or 
momentum  density  of  the  dispersing  pattern  of  residual  fragments  and 
spall  particles  is  adequate,  or  (2)  if  any  individual  fragment  is  large 
enough  and  fast  enough  to  penetrate  through.  With  increased  spacing 
between  the  target  plates,  the  density  of  the  fragment  pattern  will  drop' 
rapidly,  and  there  will  be  a  corresponding  drop  in  the  effectiveness  of 
the  initial  criteria.  The  second  criteria,  on  the  other  hand,  is  independent 
of  spacing  (neglecting  possible  atmospheric  conditions).  The  existence  of 
individual  fragments  capable  of  penetrating  the  second  target,  hdwever, 
either  means  that  the  projectile  was  large  relative  to  the  initial  target, 
or  else  that  the  impact  velocity  was  relatively  low  so  that  fragmentation 
was  not  excessive. 

Figure  3  illustrates  the  efficiency  of  larger  projectile  masses  upon  damage 
to  a  second  target  plate.  Here  damage  is  characterized  as  the  total  area 
of  perforations  In  the  second  plate,  A^,  normalized  by  dividing  by  the  area 
of  the  projectile  which  impacted  the  Initial  target,  Aqj.  Impact  velocity 
and  plate  spacing  were  held  conslanl  at  3.  7  km/sec  and  IZ-inches.  An 
Increase  in  the  second  plate  damage  efficiency  is  seen  with  increasing 
projectile  masses,  due  to  the  fact  that  these  larger  projectiles  are  less 
completely  fragmented  as  a  result  of  impact  with  the  initial  target. 

The  effect  of  impact  velocity  upon  second  plate  damage  is  shown  in  Figure 
4.  (Unfortunately,  it  was  impossible  to  hold  projectile  mass  constant, 
and  it  varied  in  a  narrow  range  in  this  experiment.  However,  the  use  of 
the  ratio  of  total  perforation  area  to  initial  impact  area,  A^/Aqj  to  express 
second  plate  damage  effectively  minimizes  the  small  mass  effect  of  this 
variation. )  At  the  two  impact  velocities  of  3.  7  and  4.  6  km/sec  the  impact 
pressures  are  478  and  630  kllobars,  The  increased  projectile  breakup 
caused  by  the  higher  shock  strengths  results  in  the  reduced  second  plate 
damage  efficiency  seen  in  Figure  4. 

B.  Aluminum  on  Aluminum 

A  light  gas  gun  was  used  to  study  the  effect  of  target  plate  thickness  upon 
the  hole  diameter  produced  by  impacts  at  3.  7  km/sec. 
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1.  Hole  Size  and  Residual  Velocitv  vs  Thickness  -  3.7  km/sec 

Table  I  summarizes  results  of  firings  of  0,  3-in.  dia  x  0.  3-in.  long 
1-gram  aluminum  cylinders  at  3.7  km/sec  on  aluminum  alloy  target 
plates  of  various  thicknesses.  For  these  experiments,  the  velocity  of 
the  fastest  particles  flying  off  the  rear  surface  of  the  target  plate  were 
aler>  measured.  One  expects  that  as  the  target  thickness  approaches  zero, 
th«  hole  diameter  will  approach  the  diameter  of  the  projectile,  and  in 
addition,  as  the  target  thickness  goes  to  infinity,  the  crater  diameter  will 
become  the  diameter  of  a  crater  in  a  semi- Infinite  target.  Figure  5  con¬ 
tains  a  plot  of  the  hole  size  data  for  the  four  thicknesses  given  in  Table  I , 
and  the  data  is  seen  to  follow  expectations.  Thr.ee  representative  target 
plates  are  also  shown;  the  formation  of  a  more  distinct  lip  around  the  hole 
for  the  thicker  plates  is  noticeable. 


Table  1. 


One-Gram  Aluminum  Cylinders  (  0.  3-ln.  dla  x  0.  3-ln.  long) 
Impacting  2014-TC)  Aluminum  at  3.  7  Km/sec. 


Target 
Thickness 
(in. ) 

Hole 

Diameter  (in. ) 

A^/Aq 

Maximum 
Residual  Velocity 
(km/ sec) 

0.  032 

0.  45 

2.  25 

3.  30 

0.052 

0.  54 

3.  2 

3,  21 

0.  071 

0,  66 

4.  7 

3.  10 

0.  100 

0.  67 

4.  7 

2.  93 

The  maximum  residual  velocities  shown  in  Table  1  drop  with  increasing 
plate  thickness.  Hydrodynamic  considerations  tell  us  that,  assuming  no 
attenuation  and  neglecting  strength  effects,  the  first  spall  layer  will  be 
ejected  at  a  velocity  equal  to  the  impact  velocity  where  the  projectile  and 
target  are  the  same  material.  (Where  the  projectile  is  denser  than  the 
target,  the  spall  velocity  will  be  higher  than  the  impact  velocity,  and 
where  the  projectile  is  less  dense,  the  spall  velocity  will  be  lower.)  For 
the  case  at  hand,  the  fact  that  the  observed  spall  velocity  was  less  than 
the  impact  velocity  even  for  the  .  032-in,  target  suggests  the  influence  of 


170 


INCHES 


3  TQ  12  KM/SEC 


strength  effects  at  the  rear  surface  of  the  target.  The  observed  drop  in 
snail  velocitv  with  Increasing  thickness  is  consistent  with  attenuation  of 
the  peak  wave  pressure  as  it  traverses  the  targets. 


IV.  PERFORATION  OF  ALUMINUM  BY  ALUMINUM  AT  9-12  KM/SEC 

The  perforation  of  thin  plates  by  projectiles  impacting  at  much  higher 
velocities  (9-12  km/sec)  follow  the  same  general  mechanisms  which  have 
been  observed  in  lower  regimes.  Impact  produces  strong  shocks  in  both 
the  target  and  projectile.  Interactions  of  these  shocks  with  the  free 
surfaces  of  the  system  cause  spallation  of  the  target,  formation  of  the 
hole  boundaries,  and  extensive  fragmentation  of  the  projectile.  Figure  6 
is  a  radiograph  of  a  typical  perforation  in  this  velocity  range.  This  was 
taken  shortly  after  Impact  of  an  aluminum  projectile  (7.  4  grain)  at 
approximately  8.  6  km/ sec  on  a  0.  100-in.  aluminum  alloy  target  plate. 

The  saivic  bplaah  of  particles  trom  the  front  surface  and  the  envelope  of 
spall  particles  from  the  rear  surface  as  are  observed  at  lower  velocities 
are  seen,  except  that  the  particles  are  so  small  as  to  be  individually 
indistinguishable.  The  projectile  fragments  are  apparently  contained  in 
llie  spall  envelope.  The  maximum  velocity  of  the  leading  fragments  is 
4.  65  km/ sec  or  54%  of  the  impact  velocity. 

A.  Hole  Size  va  Projectile  Area 

For  target  plates  up  to  about  a  thickness  corresponding  to  the  major 
dimension  of  the  projectile,  the  major  determinant  of  hole  size  appears 
to  be  the  cross-sectional  area  of  the  projectile  striking  the  target  (the 
impact  area).  Figures  7  and  8  are  plots  of  data  for  firings  against  0.  100- 
in.  target  plates  in  two  velocity  ranges,  8.  1  to  10.  3  km/sec  and  10.  7  to 
11.  9  km/sec.  The  scatter  in  these  and  in  subsequent  curves  is  due 
primarily  to  the  inclusion  of  data  covering  both  a  range  of  impact 
velocities  and  a  range  of  projectile  shapes  and  impact  orientations.  Other 
factors  contributing  to  the  scatter  are  discussed  in  Reference  1. 

The  impact  area  is,  of  course,  the  origin  of  the  pressure  pulse  which 
propagates  into  the  target  material.  Interaction  with  the  free  surfaces 
of  a  thin  plate  target  cause  it  to  fracture,  and  also  cause  very  rapid 
attenuation  of  the  shock  wave  as  it  travels  transversely.  The  peak 
pressure  quickly  drops  to  a  critical  level  where  fracture  no  longer  occurs, 
thereby  establishing  the  periphery  of  the  hole.  As  a  first  order  approxi¬ 
mation,  one  expects  that,  for  a  given  velocity  and  target  thickness,  this 
critical  level  would  be  reached  at  a  constant  distance  from  the  edges  of 
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the  impact  area,  or,  stated  another  way.  that  the  hole  radl'ts  will  be 
larger  than  the  radius  of  the  impact  area  by  a  fixed  increment,  as  shown 
in  the  following  sketches  by  "a". 


This  approximation  neglect's,  of  course,  the  attenuation  of  the  shock  wave 
due  to  geometrical  dispersion.  This  dispersion  would  have  the  effect  of 
reducing  "a"  where  the  radius  of  curvature  of  the  impacting  area  la 
smaller. 

On  Figures  7  and  8,  the  data  points  appear  to  converge  with  curves  of  a 
form.based  upon  the  :.bove-described  approximation.  The  value  of  "a" 
was  found  to  be  0.  ZB-inches,  for  the  8.  I-IO.  3  km/sec  data  and  0.  35.1uche8 
for  the  10.  7>ll.  9  km/ sec  data. 

B.  Penetration  of  Thicker  Targets 

A  series  of  experiments  were  performed  using  the  shaped  charge  projectile 
accelerator  to  impact  aluminum  upon  aluminum  alloy  targets  of  0,  100-in. , 
0'375-in.,  0,500-in.,  and  1.000-in.  thicknesses.  Data  from  these  experi¬ 
ments  are  given  in  Figures  9,  10,  11,  and  IZ.  These  are  plots  of  the 
hole  area  vs  projectile  mass,  since  for  targets  which  are  thicker  than 
roughly  the  major  dimensions  of  the  projectile,  mass  appears  more 
important  than  impact  area  in  determining  the  hole  else.  The  0.  100-inch 
plot  is  included  here  only  for  crude  comparison,  since  the  scatter  is 
excessive.  Figure  13  is  a  summary  of  data  in  the  form  of  best  fit  curves 
for  the  four  target  thicknesses.  The  results  show  that  a  given  projectile 
will  make  an  appreciably  larger  hole  in  either  a  0.  375,  0.  500,  or  1. 000- 
in.  thick  target  than  in  a  0. 100-in.  thick  target,  but  the  differences 
between  the  three  thicker  targets  themselves  are  barely  detectable.  One 
expects  that,  for  a  given  projectile  and  Impact  velocity,  the  diameters  of 
the  hole  at  the  target  surface  will  increase  with  increasing  target  thickness, 
becoming  asymptotic  to  the  crater  diameter  in  a  semi-infinite  target. 
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With  relatively  thick  targets,  Jhe  existence  of  two  distinct  modes  in  the 
formation  of  clear  holes  can  be  observed.  The  first  of  these  is  the  shock- 
operated  crater  formation  -  the  second  is  spallation  resulting  from 
interaction  of  the  shock  with  the  rear  surface  of  the  target.  The  two 
impacts  shown  in  Figure  14  serve  to  illustrate  these  modes.  In  the 
right-hand  impact,  the  bottom  of  the  crater  and  the  deepest  portion  of 
the  spall  nearly  coincide,  so  that  a  clear  hole  is  almost  formed.  In  the 
left-hand  impact,  no  clear  hole  is  formed.  However,  one  or  more  spall 
layers  was  broken  loose  and  ejected,  presumably  at  relatively  high 
velocity.  From  a  vulnerability  standpoint  it  is  important  to  note  that  even 
though  the  target  plate  successfully  resisted  complete  perforation,  the 
high  velocity  spall  layer  would  have  been  very  effective  in  causing  damage 
to  internal  components,  personnel,  or  other  targets  behind  the  initial 
plate. 

For  thicker  targets,  the  area  of  the  spalled  sone  will  greatly  exceed  the 
area  of  the  clear  hole.  This  is  seen  in  Figure  15. 

For  ductile  targets,  such  as  soft  copper,  a  crater  lip  forms  on  the  front 
surface  around  the  periphery  of  the  entrance  hole  in  a  thicker  target. 

For  more  brittle  targets,  such  as  the  20Z4-T4  aluminum  used  for  most 
of  these  experiments,  extensive  spalling  occurs  on  the  front  surface 
adjacent  to  the  hole,  as  is  illustrated  in  Figure  16a.  This  spalling 
presumably  results  from  interaction  of  the  shock  with  the  front  free 
surface.  Figure  I6b  shows  a  case  (not  untypical)  where  a  very  extensive 
front  spall  formed,  but  failed  to  completely  break  loose  from  the  target. 

C.  Perforation  Limit 

It  is  usually  desirable  to  know  what  the  characteristics  are  of  a  projectile 
which  will  just  barely  perforate  a  given  target.  As  a  rough  approximation, 
it  is  sometimes  assumed  that  a  projectile  will  just  perforate  a  target  whose 
thickness  is  1.  5  times  the  crater  depth  which  the  same  projectile  would 
have  formed  in  a  semi-infinite  target  of  the  same  material.  This  rule-of- 
thumb  largely  ignores  the  effect  of  material  strength,  which  plays  a  far 
more  important  role  in  the  spallation  process  than  it  does  in  crater 
formation. 

As  is  seen  from  the  legend  in  Figure  12,  only  those  projectiles  above 
approximately  6.  5  grains  in  mass  perforated  the  1.  000-inch  thick  targets. 
From  Figure  13,  those  projectiles  above  approximately  1.2  grains 
generally  perforated  the  0,  SOO-lnch  targets. 
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FRONT  SURFACE  OF  TARGET  PLATE 
(2024-T4  ALUMINUM,  0.  375-IN.  THICK,  90°  OBLIQUITY) 


FRONT  SURFACE  OF  TARGET  PLATE 
(2024-T4  ALUMINUM.  0.  500-IN.  THICK,  90°  OBLIQUITY) 
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In  Figure  17,  penetration  data  are  plotted  ve  projectile  mass  for,  impacts 
of  aluminum  iiito  4-im;li  thick  alutniiiuiti  tax-j^ctb  at  o-lG  ktii/nec.  (For  the 
projectiles  involved,  this  thickness  may  be  regarded  as  representative  of 
a  semi-infinite  target).  From  these  data,  it  is  observed  that  a  6.  5  grain 
projectile  perforates  nominally  0.  56-inches  into  the  target,  and  a  1,  2 
grain  projectile  perforates  about  0.29-incheB,  Thus,  by  comparison  with 
the  performance  of  these  same  mass  projectiles  in  0.  500  and  1.  000-inch 
targets  (Figures  11  and  12)  we  see  that  they  can  perforate  targets  roughly 

1.  75  times  as  thick  as  the  penetration  into  semi-infinite  targets.  This 
factor  is  limited,  of  course,  to  2024-T4  aluminum  targets.  It  may  be 
valid  for  a  wide  range  of  velocities,  but  our  present  data  only  covers  a 
narrow  range  near  9  km/ sec. 

Incidentally,  as  seen  in  Figures  12  and  13,  spallation  occurred  in  all 
0.  500-inch  targets,  even  with  projectiles  with  masses  of  somewhat  less 
than  1.0  grains.  Spallation  also  occurred  In  1.000-in.  targets  for  projec¬ 
tile  masses  at  least  as  small  as  5  grains.  Below  this  level,  bulging 
without  spall  separation  was  observed. 

D.  Oblique  Impacts 

When  a  projectile  strikes  a  target  at  oblique  incidence,  the  Impact  area 
is  larger  than  on  a  normal  target  by  l/sin  0 ,  where  0  is  the  angle  between 
tlie  velocity  and  the  target  plate  surface.  If  impact  area  were  the  only 
consideration  in  determining  hole  area,  a  given  projectile  would  be 
expected  to  produce  a  larger  hole  at  oblique  incidence.  In  impacts  against 
0,  100-inch  aluminum  alloy  targets  at  90°,  50°,  and  20°  Incidence,  we  did 
not  find  any  such  area  relationship  to  hold.  The  normal  impact  data  appears 
in  Figure  7,  while  the  50°  and  20°  data  are  shown  in  Figures  18  and  19. 

(Note  that  the  projectile  area  used  in  these  figures  is  the  area  on  the 
largot,  is  larger  by  1/sIn  50°  ■  1.  3  for  the  50°  data  and  by  l/sin  20°  ■ 

2.  9  for  the  20°  data.) 

The  scatter  of  the  50°  data  in  Figure  18  is  greater  than  was  found  for  the 
90°  data  in  Figure  7,  but  otherwise  the  data  are  much  the  same.  The  same 
curve  which  was  drawn  on  Figure  7  is  superimposed  on  Figure  17  to  show 
the  similarity.  For  the  20°  data  in  Figure  19,  oven  though  the  scatter  is 
excessive,  it  is  clear  that  the  damage  caused  by  projectiles  to  targets  at 
20°  obliquity  is  significantly  less  than  the  damage  to  targets  at  90°  and  50°. 

Target  hole  vs  projectile  mass  for  the  same  experiments  is  shown  for  90°, 
50°,  and  20°  impact  obliquity  in  Figures  9,  20,  and  21.  Kxcessive  scatter 
appears  for  the  90°  data,  but  the  50°  and  20°  data  appear  acceptable.  The 
hole  sizes  formed  at  20°  are  only  slightly  smaller  than  those  formed  by 
equivalent  masses  at  50°. 
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While  the  data  on  the  target  hole  area  vs  projectile  area  plots  progressively 
becorne  more  scattered  as  the  obliquity  goes  from  90°  to  50°  to  20°,  the 
hole  area  vs  projectile  mass  plots  progressively  becomes  less  scattered, 
reaching  a  fairly  smooth  relationship  at  20°  obliquity.  For  impact  under 
such  severe  conditions  of  obliquity,  projectile  mass  is  clearly  more 
Important  than  area  in  determining  target  hole  area--even  for  relatively 
thin  targets. 

A  surprisingly  large  portion  of  the  target  holes  for  the  20°  incidence 
Impacts  are  round  or  nearly- round,  as  seen  in  Figure  22. 


V.  SPECIAL  PROJECTILE  SHAPES 

Projectile  shape  and  orientation  at  impact  exert  a  strong  effect  upon  thin 
plates.  The  effects  are  most  pronounced  for  extreme  shapes,  such  as 
rods,  flat  thin  sheets,  and  distributed  mass  configurations  (hollow 
cylinders,  hollow  spheres,  etc.).  The  target  plate  acceleration  technique 
Is  particularly  well  suited  for  this  investigation  since  it  permits  nearly 
unlimited  flexibility  in  the  study  of  shapes  and  orientations  with  the 
projectile  mounted  stationary  in  the  path  of  the  target  plate. 

A,  Rod  Projectiles 

Rod  projectiles  are  very  effective  in  penetrating  thick  targets  and  multi- 
piste  target  arrangements.  The  critical  requirement  is  that  the  rod  axis 
must  be  colinear  with  the  relative  impact  velocity. 

Against  multiplate  targets,  the  primary  interest  is  in  the  hole  area  in  the 
first  plate  and  in  the  damage  sustained  by  the  rod  during  penetration.  A 
clear  illustration  of  the  effect  of  rod  orientation  at  Impact  on  subsequent 
breakup  is  shown  in  Figures  23  and  24. 

In  Figure  23  a  1  gram  titanium  rod  with  circular  cross  section  and  L/D 
of  10  is  shown  impacting  and  penetrating  a  target  consisting  of  two  0.  100- 
in.  aluminum  plates  24  inches  apart.  This  rod  was  launched  from  a  light 
gas  gun  and  impacted  end-on  at  3.  1  km/sec.  The  figure  shows  flash 
radiographs  of  the  rod  in  flight  before  Impact  on  both  target  plates,  and 
photographs  of  the  target  plates  after  impact.  As  can  be  seen,  a  tumbling 
results  in  the  rod  penetrating  the  second  plate  slightly  off  the  end-on 
orientation.  This  is  further  illustrated  from  the  keyhole  shape  of  the  hole 
in  the  second  plate,  typical  of  this  type  of  penetration.  Note,  however, 
that  the  rod  reaches  the  second  target  plate  intact  and  without  any  visible 
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deformation.  A  short  portion  of  the  Impacting  end  of  the  rod  la  broken 
off  as  a  result  of  each  succeeding  Impact,  but  thle  Is  not  visible  in  Figure 
23. 

In  contrast  to  the  above.  Figure  24  shows  the  complete  breakup  resulting 
from  a  1  gram  titanium  rod  with  square  cross  section  and  L/D  of  1C 
Impacting  slde-on  against  the  same  target  type  as  that  described  above. 

This  rod  was  projected  from  an  explosive  cavity  charge  to  an  Impact 
velocity  of  4.  1  km/ sec.  The  sharp  contours  of  the  rod  prior  to  Impact 
are  clearly  shown.  This  rod,  however,  is  completely  fragmented  and  Is 
Incapable  of  achieving  perforation  or  even  significant  penetration  of  the 
second  target  plate.  The  difference  in  impact  effect  due  to  the  orientation 
of  rod'Shaped  projectiles  as  can  be  seen,  is  startling. 

It  is  also  worth  considering  that  the  relative  target*to-projectile  thickness 
ratio  vary  from  approximately  1/10  to  1/1  for  the  end-on  and  side-on  cases. 
It  has  been  our  experience  from  other  firings  in  this  velocity  range  that 
nearly  complete  projectile  breakup  Is  achieved  when  this  ratio  is  larger 
than  approximately  1/2  depending  upon  target  and  projectile  materials. 

The  effects  of  projectile  mass,  diameter  and  length  for  end-on  impacting 
rods  have  been  studied  by  impacting  flying  plate  targets  (0.  10-in.  thick 
aluminum  plates)  at  3.  5  km/sec  against  stationary  projectiles. 

The  first  of  these  test  aeries  Involved  titanium  rods  of  constant  diameter 
(0.  12  in.],  with  the  L/D  ratio  varying  in  10  steps  from  1  to  10.  It  was 
found  that  the  hole  in  the  target  plate  was  approximately  constant  in  all 
cases,  resulting  in  an  average  A^/Agj  ratio  of  7.  1. 

Figure  25  illustrates  the  effect  of  varying  projectile  diameter  on  Aj/Aqj 
ratio.  The  projectiles  for  this  test  series  were  aluminum  and  the  targets 
were  the.  0.  10-in.  aluminum  flying  plates  impacting  at  3.  5  km/sec.  Two 
results  are  seen  from  the  figure.  One  is  the  strongly  increasing  Aj/Aqi 
ratio  with  decreasing  projectile  diameter.  This  trend  has  been  observed 
for  all  projectiles  studied  to  date.  The  other  is  the  absence  of  projectile 
mass  or  length  effect  on  target  hole  size.  For  those  firings  one  series 
had  constant  projectile  mass  (3.  1  gram)  with  varying  length  and  diameter. 
The  other  series  had  constant  length  (0.  131  in.)  with  varying  mass  and 
diameter.  As  can  be  seen  from  Figure  25  the  difference  between  the  two 
series  is  very  small.  Each  point  on  the  curve  represents  an  average  of 
five  shots.  From  the  above  it  is  again  evident  that  the  impacting  area  of 
the  projectile  is  the  major  determining  factor  for  the  size  of  holes 
generated  in  relatively  thin  targets. 
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Our  firings  with  compact  projectiles  such  as  short  cylindrical  discs  have 
indicated  that  projectile  orientation  at  impact  has  a  significant  effect  on 
the  Aj/Aqj  ratio.  When  such  a  projectile  impacts  flat  on  the  disc  surface 
the  Aj/Aoi  ratio  tends  to  Increase.  Experimental  scatter  resulting  from 
orientation  and  shape  variables  Imparted  by  the  explosive  cavity  launchers 
has  made  it  difficult  to  resolve  this  question.  In  an  attempt  to  clarify  the 
effect  of  front  surface  shape  on  the  shock  strength  in  the  target  a  series 
of  aluminum  rods  were  impacted  by  the  0.  10-in.  aluminum  flying  plates 
at  3.  5  km/ sec.  These  rods  all  had  an  L/D  of  10  with  a  0.  250-in.  diameter. 
Three  rod  types  were  studied.  These  were: 

1.  Right  angle  cylinders. 

2.  Cylinders  with  conical  ends. 

Cone  angles  of  45°,  27°,  18°  and  14°  were  used. 

3.  Cylinders  with  curved  ends. 

Curve  radii  of  0.  12S  and  0,  250-in.  were  used. 

Although  some  of  the  configurations  are  represented  by  only  one  firing 
a  strong  trend  is  shown.  The  Aj/Aqi  ratios  are  listed  below  for  the  radii 
and  cone  angles  investigated. 


Radius  or  angle:  co 

0.  25 

0.  125 

45° 

27° 

18° 

14° 

Aj/Aqj;  8.2 

8.5 

4.  9 

5.9 

5,  5 

4.  1 

3.3 

While  these  data  are  not  to  be  taken  as  quantitative  there  seems  to  be  a 
strong  indication  of  decreasing  target  hole  area  with  increasing  rounding 
or  pointing  of  the  impacting  surface.  Comparing  the  data  for  the  infinite 
and  0.  25-in.  radii  with  Figure  25  we  see  that  for  the  0.  25-ln,  projectile 
diameter  the  curve  on  Figure  25  gives  a  value  of  7.  2.  This  is  close  to  the 
values  shown  above. 

As  shown  in  Figure  23  above  a  rod  impacting  a  thin  target  end-on  will 
penetrate  wdth  very  little  deformation  except  for  a  mass  loss  from  the 
front  end  resulting  in  a  shortening  of  the  rod.  On  several  of  the  aluminum 
rod  front  surface  firings  attempts  were  made  to  obtain  a  flash  radiograph 
of  penetration.  Figure  26  shows  two  examples  of  these  tests  with  a  0.  125 
in.  radius  curved  (left)  and  45°  cone  shaped  (right)  front  surfaces.  The 
procedure  here  is  to  take  a  static  picture  before  firing:  then  lower  the 
film  cassette  slightly  to  avoid  overlapping  and  finally  take  the  second 
picture.  Having  the  rods  shown  before  and  after  firing  the  same  picture 
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also  simplified  any  measurement  made  from  the  film.  The  lack  of  rod 
bending  or  deformation  la*  shown  in  the  figure.  It  should  be  remembered, 
however,  that  rods  are  very  sensitive  to  orientation  at  impact,  particularly 
at  these  relatively  low  velocities.  A  few  degrees  off  normal  will,  particu¬ 
larly  for  the  sharp-nosed  rods,  result  in  keyhole-shaped  penetrations  in 
the  target  plates  as  well  as  strong  bending  for  all  the  rods.  It  is  expected 
that  this  bending  effect  will  diminish  with  increasing  impact  velocity,  but 
no  data  in  this  velocity  range  are  presently  available, 

B.  Foils  and  Washers 

For  maximum  area  damage  from  a  single  projectile  against  a  thin  target 
a  very  thin  sheet  or  foil  impacting  flat-on  would  seem  to  be  the  most 
effective.  With  regard  to  projectile  orientation  the  presented  projectile 
area,  and  therefore  the  maximum  hole  area  in  the  target,  will  decrease 
with  changing  foil  orientation  away  from  the  f'“t-on  position.  With  this 
change,  however,  the  presented  projectile  depth,  and  thus  the  penetration 
depth,  increases. 

To  •'■•Midy  th/*  minimum  thickness  necessary  for  penetration  of  a  specific 
target  (a  0.  100-ln.  aluminum  flying  plate)  a  series  of  thin  foils  of  several 
materials  was  investigated.  The  data  obtained  are  shown  In  Table  U.  It 
is  interesting  to  see  that  even  a  0.0032-in.  thick  steel  foil  Is  capable  of 
complete  penetration  of  an  aluminum  plate  31  times  as  thick.  This 
obviously  is  far  in  excess  of  any  penetration  depth  normally  achieved  at 
these  velocities  even  with  high  density  compact  hypervelocity  projectiles. 
While  the  same  thickness  aluminum  foil  could  not  match  the  steel  foil 
performance  a  0,  016-ln.  aluminum  foil  penetrated  easily.  From  the 
Ai/Aqi  ratio  measured  (1.  38)  it  is  evident  that  the  minimum  thickness  was 
far  from  reached.  The  Aj/Aqi  ratio  shown  in  Table  It  is  indicative  of  how 
close  one  is  to  the  minimum  projectile  thickness  needed  for  penetration. 

As  an  example  for  the  stainless  steel  sheets  we  have  the  following  A^/Aqj 
values; 


Thickness,  in.  : 

0.018 

0.  0075 

0,0053 

0.  0032 

0.  5  .X  0.  5  In.  sheet: 

1.99 

1.  53 

1.09 

1.07 

1.  0  X  1.  0  in.  sheet; 

1.54 

I.  26 

1.05 

1.0 

Comparison  between  the  two  sheet  areas  again  points  out  the  increases  in 
Ai/Aqi  ratio  with  decreasing  frontal  area  which  has  been  deecribed 
previously. 
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Figure  27  shows  three  of  the  stainless  steel  foils  penetrating  the  aluminum 
target.  The  penetration  is  evident  in  all  three  cases. 

With  the  penetrating  power  of  even  thin  foils  established  it  becomes  of 
interest  to  see,  if  distributed  mass  projectiles  in  form  of,  for  example, 
foil  washers  are  capable  of  the  same  penetration.  Preliminary  tests 
with  such  projectiles  have  included  0.  020  and  0.  025-in.  thick  stainless 
steel  washers.  Pertinent  projectile  dimensions  and  resulting  target 
damage  are  shown  in  Table  lU.  Only  one  or  two  firings  of  each  configura¬ 
tion  were  made  so  that  no  detailed  conclusions  can  be  drawn  from  the  data. 
It  seems  reasonable  to  assume  that  the  size  of  the  hole  in  the  washer  has 
no  effect  on  the  target  damage.  The  spread  in  Aj/Aqj  values  for  the  two 
washer  thicknesses  can  be  assigned  to  experimental  scatter.  The  trend 
shown  is  towards  a  higher  value  for  the  0.025-in.  than  the  0.  020-in. 
thick  washer.  This  is  consistent  with  the  foil  data  shown  in  Table  II. 

C.  Hollow  Spheres 


A  thin-waliod  hollow  sphere  has  often  been  proposed  as  an  effective 
nre;i-cuttinc  projectile.  !»■  i«  pai-tii  nlarly  rler.ir’hle  Hue  to  its  insenRi 


iilcc 


part  of  our  test  program.  Due  to  their  particular  usefulness,  however, 
the  sphere  tests  are  described  in  a  separate  paper  at  this  symposium 
(Reference  2).  At  this  point,  it  will  be  sufficient  to  mention  that  thin- wall 


spheres  do  indeed  penetrate  effectively.  The  hollow  sphere  projectile 
studies  are  presently  being  continued  by  several  investigators. 
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ABSTRACT 


The  thin  plate  perforation  process  has  been  studied  experi¬ 
mentally  over  the  velocity  range  from  2  to  5  km/sec  for  two  sizes 
of  projectiles.  The  major  research  effort  was  carried  out  with 
2024-^3  aluminum  targets  using  cylindrical  steel  projectiles  having 
a  length-to-diameter  ratio  of  one.  However,  Impacts  on  other  tar¬ 
get  materials  were  also  studied  to  delineate  the  effects  of  target 
strength  and  Impact  pressure.  Particular  emphasis  was  placed  on 
determining  the  mass,  number,  and  velocity  distributions  of  the 
particles  ejected  from  the  rear  surface  of  the  target  during  the 
perforation  process. 
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OTTRODUCTION 


The  Immediate  goal  of  this  Bureau  of  Hines  research  Is  to 
obtain  a  complete  phenomenological  description  of  the  thin  plate 
perforation  process  within  the  limitations  of  available  projectile 
accelerators.  Data  in  this  area  are  of  Immediate  value  In  the 
formulation  of  theoretical  descriptions  of  hypervelocity  Impact 
phenomena  on  both  finite  and  quasl-lnf Inlte  targets.  Furthermore, 
the  experimental  techniques  developed  In  the  course  of  this  work 
will  be  applicable  to  studies  at  higher  Impact  velocities  when 
suitable  projector  systems  become  available. 

Since,  from  the  practical  point  of  view,  the  perforation  of 
lightweight  structural  alloys  Is  of  Immediate  concern,  the  major 
portion  of  the  research  was  carried  out  using  2024-0?3  aluminum 
as  the  basic  target  material.  However,  where  Impact  pressure  ef¬ 
fects  required  clarification,  target  materials  of  higher  density 
were  investigated.  The  experimental  results  accrued  In  this  In¬ 
vestigation  can  be  grouped  Into  four  categories:  Primary  target 
damage,  the  number  distribution  (numbers  of  spall  particles  dis¬ 
tributed  over  spatial  elements},  the  mass  distribution  (mass  of 
spall  particles  distributed  over  spatial  elements),  and  the  ve¬ 
locity  distribution  of  the  material  ejected  from  thin  plates  during 
the  perforation  process. 
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1.  Survey  of  Impact  Damage  to  Thin  and  Thick  2024-0:3 
Targets 

The  research  was  carried  out  with  two  basic  explosive  pro¬ 
jector  systems,  each  of  which  Is  characterized  by  a  different 
projectile  mass.  One  projector,  which  will  be  referred  to  as 
Scale  X,  utilized  cylindrical  steel  projectiles  having  a  mass  of 
0.023S  +  O.OOOS  gram.  The  Scale  I  projectors  can  be  further  sub¬ 
divided  according  to  projectile  velocities  of  2,0  Icm/sec,  3.2 
km/sec,  and  4.0  km/sec;  the  latter  two  systems  were  developed  by 
two  of  the  authors  (1)-^  while  associated  with  the  Carnegie  In¬ 
stitute  of  Technology.  The  projectiles  were  1/16  Inch  long  and 
1/16  Inch  in  diameter;  the  2,0  km/sec  and  3.2  km/sec  projectiles 
were  fabricated  from  Ketos  steel  drill  rod  of  BHM  200;  steel  pi¬ 
ano  wire  was  used  for  the  4.0  km/sec  projectile. 

The  second  projector,  referred  to  as  Scale  XX,  provided  a 
velocity  of  3.2  km/sec  for  a  projectile  1/8  Inch  long  and  1/8 
inch  in  diameter,  weighing  0.187  gram,  giade  of  Ketos  steel.  The 
velocity  range  for  the  Scale  XI  projectiles  was  Increased  by  the 
use  of  an  alr-cavlty  projector  designed  at  the  Ballistic  Research 
Laboratories  (^);  this  projector  propelled  a  0.18  gram  steel  pro¬ 
jectile  at  a  velocity  of  5.0  km/sec. 

Thick  or  quasl-infinlte  targets  are  defined  here  as  targets 
of  such  dimensions  that  no  measurable  change  In  final  crater  di¬ 
mension  is  affected  by  Increasing  the  size  of  the  target.  In 
tests  with  2024-T3  aluminiu,  it  was  found  that  targets  having  a 
thickness  equal  to  3  to  4  times  the  crater  depth  and  a  surface 
area  roughly  25  times  that  of  the  crater  satisfied  these  condi¬ 
tions  within  the  accuracy  of  the  crater  measurements.  Since  the 

1/  Underlined  numbers  In  parentheses  refer  to  items  In  the  list" 
of  references  at  the  end  of  this  report. 
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current  program  was  principally  concerned  with  a  description  of 
behlnd-target  effects^  the  term  "thin  target"  Is  generally 
plied  to  any  target  capable  of  being  perforated  by  a  given  pro> 
jectlle  with  a  finite  probability.  For  202443  aluminum,  target 
thicknesses  ranged  from  3  to  4  times  the  projectile  lengths  over 
the  velocity  range  Investigated. 

The  pertinent  variables  recorded  for  thick  targets  were 
crater  volume,  crater  depth,  and  crater  diameter;  for  thin  tar¬ 
gets,  they  were  entrance  and  exit  diameters  of  the  perforation. 

In  cases  where  shock  spallation  was  pronounced,  the  diameter  of 
the  spalled  area  on  the  back  surface  of  the  target  was  also  re¬ 
corded,  The  manner  In  which  these  variables  are  defined  Is  il¬ 
lustrated  In  figure  1  where  "thin"  and  "thick"  targets.  Impacted 
with  Scale  II,  3.2  km/sec  projectiles  are  shown. 

The  pertinent,  features  of  these  measurements  are  presented 
In  figures  2  through  7  and  can  be  summarized  as  follows: 

(1)  For  thick  targets,  crater  voltuae  was  found  to  be  pro¬ 
portional  to  the  kinetic  energy  of  the  projectile  over  the  ve¬ 
locity  range  2  km/sec  to  5  km/sec.  This  Is  Illustrated  in  flgture 
2  where  crater  volume  per  unit  projectile  energy  Is  plotted  as  a 
function  of  Impact  velocity.  The  apparent  discrepancy  for  the 
Scale  II  projectiles  can  be  attributed  to  the  fact  that  appreci¬ 
able  front  surface  spallation  occiirred  In  these  two  cases,  giving 
rise  to  large  uncertainties  in  the  volume  determinations. 

(2)  At  low  Impact  velocities,  the  craters  are  narrow  and 
deep  while  at  velocities  approaching  the  sonic  velocity  of  the 
target  material  (6.1  km/sec)  the  craters  approach  a  hemispherical 
shape.  This  Is  shown  in  flg^ure  3  where  the  ratio  of  the  crater 
depth  to  the  crater  diameter  Is  plotted  against  the  Impact  ve¬ 
locity.  The  voliune-energy  dependency  and  the  observation  concern- 
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FIGURE  l.-Faolures  of  o  THio  Plato  Porforofion  and  o  Croler  Productd  in  o  Thlch  largot. 


CRATER  DEPTH  CRATER  VOLUME 

CRATER  DIAMETER  -  PROJECTILE  ENERGY 


ing  crater  shape  are  in  accord  with  the  reaulta  of  other  In¬ 
vestigations  lor  the  same  range  of  Impact  velocities  ^^4) . 


(3)  For  thin  targets  having  thicknesses  In  excess  of  ap¬ 
proximately  1.5  times  the  projectile  length,  the  perforation  on- 
trance  diameter  Is  Independent  of  target  thickness;  however,  there 
Is  a  noticeable  decrease  in  entrance  diameter  for  targets  of  les¬ 
ser  thickness.  These  features  are  Illustrated  In  figure  4  where 
the  ratios  of  the  entrance  diameters  to  the  crater  diameters  are 
plotted  as  functions  of  reduced  target  thickness.  Since,  as  il¬ 
lustrated  In  figure  5,  the  perforations  are  nearly  cylindrical, 
these  comments  also  apply  to  the  exit  diameters.  The  decrease  in 
perforation  entrance  diameter  with  diminishing  target  thickness 
has  been  observed  for  a  variety  of  target  materials  ^};  It  has 
been  demonstrated  that  the  perforation  diameter  for  2S~0  aluminum 
approaches  the  projectile  diameter  for  targets  of  thicknesses 
much  less  than  the  projectile  length.  The  results  with  2024-T3 
alumlniun  targets  show  the  same  trend. 

The  dependence  of  exit  spall  diameter  on  target  thickness 
Is  Illustrated  In  figure  6  where  the  ratio  of  the  spall  diameter 
to  the  crater  diameter  Is  plotted  as  a  function  of  reduced  target 
thickness  for  different  Impact  conditions.  The  results  show  that. 
In  general,  the  spall  diameter  tends  to  Increase  with  Increasing 
target  thickness  over  the  velocity  range  Investigated. 

An  important  feature  of  these  perforation  studies  Is  Illus¬ 
trated  In  figure  7  where,  from  a  practical  point  of  view,  the  dif¬ 
ference  in  behavior  between  a  thin  target  and  a  thick  target  Is 

delineated.  Zn  this  plot  the  ratio  T*/P  Is  plotted  as  a  f\mc- 

c 

tlon  of  Impact  velocity.  The  variable  T*  Is  the  target  thickness 
for  which  the  expectation  of  complete  perforation  by  a  given  pro¬ 
jectile  becomes  negligible;  p  Is  the  crater  depth  In  a  semi-ln- 

c 

finite  target.  Values  of  T*  for  a  given  projectile-target  combl- 
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FIGURE  4.- Oepandencft  of  Psrforotlon  Entronce  Oiomoter  on  Torgot  Thlcknoss. 


FIGURE  5.-  Plot  Showing  Tondtncy  for  Perforotlont  to  bo  Cylindrical  for 
Impocti  Ronging  frutn  2.0  to  5.0  km/ste. 
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nation  were  estimated  from  the  perforation  probabilities  observed 
In  targets  having  thicknesses  of  about  T*.  No  attempt  was  made 
to  statistically  determine  the  values  of  T*;  however,  the  values 
used  in  figure  7  are  probably  accurate  within  +  5  percent .  The 
results  show  that  the  ratio  1b  a  monotonlcally  Increasing 

function  of  the  Impact  velocity,  reaching  values  In  excess  of  1.5 
for  Impacts  in  the  4,0  to  5.0  km/sec  region.  The  significance  of 
this  observation  is  that  the  magnitude  of  crater  depths  In  semi- 
infinite  targets  does  not  even  closely  approximate  the  penetration 
capabilities  of  the  projectile  through  thin  targets. 


II.  Number  Distribution 

The  term  "ntunber  distribution"  refers  to  the  manner  In  which 
the  spall  particles,  produced  by  projectile-target  impacts,  are 
spatially  distributed  behind  the  target.  The  experimental  tech¬ 
nique  for  determining  the  distribution  Is  Illustrated  In  figure 
8.  A  witness  foil,  consisting  of  1-mll  thick  alximlnum  supported 
by  a  backing  of  flberboard,  was  located  6-1/2  inches  beyond  the 
target.  The  witness  foil  Indicated  the  direction  in  which  Indi¬ 
vidual  spall  particles  were  propelled. 

For  purposes  of  analysis,  the  witness  foil  was  laid  out  In 
a  family  of  concentric  circles  whose  origin  Is  located  on  a  line 
through  the  perforation  and  normal  to  the  target  surface.  The 
number  of  perforations,  found  In  an  element  of  area,  A  r  A  were 
counted  and  weighted  by  the  reciprocal  of  the  Intercepted  solid 
angle  element,  A  A  .  The  weighted  count  thus  has  the  dimensions  - 
number  of  fragments  per  imlt  solid  angle  and  may  be  Interpreted  as 
representing  the  population  density  for  a  particular  solid  angle 
element.  The  total  number  of  particles  (N)  Is  a  function  of  the 
target  thickness,  the  projectile  velocity,  and  the  projectile  scale 
siae.  A  complete  reduction  of  all  data  at  normal  Incidence  is  pos- 
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Blast  plots 


FIGURE  8.  *■  Espsrlmental  Stt'up  for  Dettrmlnlng  the  Spatial  Distribution 
of  Spoil  Frogmsnts. 


221 


.  pjiELFmis^jaaN  saaij3Bis . 


elble  1£  the  population  density  for  each  Impact  data  set  Is  mul¬ 
tiplied  by  the  factor  ^  .  ThuS|  the  term  j  ~s)  ®3tpresses 
the  density  of  a  given  element  of  solid  angle  as  a  fraction  of 
the  total  population. 

Number  distributions  have  been  determined  for  Impacts  on 
various  thicknesses  of  2024-T3  aluminum  targets  with  both  Scale 
I  and  Scale  II  projectiles  over  the  velocity  range  2  km/sec  to  S 
kffl/sec.  These  data  are  presented  In  figure  9  which  shows  ^ 
vs  A  where  ft  Is  a  measure  of  the  radial  distance  from  the  center 
of  impact.  Each  data  set  is  an  average  of  several  target  thick¬ 
nesses  because  the  distributions  for  Individual  target  thicknesses 
did  net  very  mere  than  the  experlmeutal  error,  nlthlu  reaeoriable 
limits,  the  six  data  sets  define  one  curve;  the  significance  of 
this  Is  that  the  percentage  of  the  total  number  of  spall  particles 
found  in  corresponding  elements  of  space  is  Independent  of  projec¬ 
tile  scale  size,  target  thickness,  and  projectile  velocity.  The 
data  for  3.2  km/sec,  Scale  I  projectiles,  are  from  an  earlier  pa¬ 
per  .  In  the  earlier  work,  the  normalized  distributions  for 
2024-T3  aluminum,  2S-0  aluminum,  magnesium,  and  lead  were  found 
to  be  essentially  the  same.  Another  significant  feature  of  the 
data  deals  with  the  distribution  for  spall  particles  having  higher 
penetration  capabilities.  Data  points  for  these  superior  parti¬ 
cles  are  Identified  by  stars  and  are  shown  to  fit  the  curve  as  well 
as  any  other  data  point  set.  The  superior  group  was  separated  from 
the  aggregate  group  by  filtering  out  the  Inferior  particles  with  an 
additional  7  mils  of  aluminum  foil;  about  20  percent  of  the  total 
population  penetrated  the  filter. 

The  experimental  technique,  mentioned  earlier,  involved  count¬ 
ing  holes  in  witness  targets  and  did  not  provide  a  distinction  be¬ 
tween  projectile  remnants  and  target  spall  particles.  The  desira- 
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blllty  oX  establishing  separate  distributions  for  the  two  types 
of  partioles  required  analyses  by  a  soaewhat  more  time-consuming 
technique.  A  pan  of  gelatin  was  substituted  for  the  aluminum  wit¬ 
ness  foil;  the  gelatin  layer  was  cut,  after  the  Impact  event.  Into 
concentric,  annular  rings  and  each  ring  of  gelatin  was  then  dis¬ 
solved  In  hot  water  and  the  Individual  particles  recovered  by  fil¬ 
tration.  The  projectile  remnants  (steel)  are  separated  magnetically 
from  the  target  partioles  (aluminum)  and  counted.  Distribution 
curves  from  tests  using  this  technique  are  shown  In  figures  10  and 
11  for  the  number  of  target  spall  partioles  and  number  of  projec¬ 
tile  remnants  respectively. 

The  two  figures  show  data  for  three  different  projectile  pa¬ 
rameters  and  Illustrate  several  Important  points:  (1)  the  percent- 
s<re  of  tho  total  aushcr  of  target  spall  partioles  or  total  number 
of  projectile  — foual  la  a  given  apace  elestcnt  Is  luilopeudent 
of  projectile  scale  size*  projectile  velocity,  or  target  thickness; 
(2)  compared  to  the  projectile  remains,  the  target  spall  particles 
have  a  greater  tendency  to  be  radially  dispersed. 

Another  interesting  feature  of  these  data  is  the  effect  of 
projectile  scale  size  upon  the  total  number  of  particles  produced. 
The  effect  Is  shown  In  figure  12  for  Scale  I  and  Scale  II  projec¬ 
tiles  impacting  various  thicknesses  of  2024^3  aluminum  targets 

at  3,2  km/sec.  The  figure  Is  a  plot  of  (  '  |  vs  —  where  K 

\  (kD^*/  ^ 

Is  the  total  number  of  target  spall  fragments,  t  Is  the  target 
thickness,  Ii  Is  the  length  of  the  projectile,  and  k  is  a  constant 
such  that  kL  M  1  for  the  smaller  scale  size  projectile.  This  treat¬ 
ment  Is  Intended  to  bring  the  Scale  XX  data  points  Into  coincidence 
with  corresponding  Scale  X  data  points.  The  fact  that  the  second 
power  of  kL  tends  to  accompll(di  this  purpose  demonstrates  that  there 
is  a  strong  tendency  for  the  total  number  of  target  spall  particles 
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riG'JRE  iC.  —  Normalized  Distribution  for  larget  Spoil  Korricies. 
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FIGURE  II.  -  Normalized  Distribution  for  Prolectile  Remnants. 
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FlQURE  12.-  Eff*ct  of  Projectile  Size  Upon  the  Number  of  Torget 
Spall  Portlelee. 


FIGURE  13.-  Effect  of  Projectile  Size  Upon  the  Number  of  Projectile 
Remnant!. 


to  vary  directly  with  the  area  of  the  projectile;  this  Is  the 
case,  however,  only  If  the  ratio  of  target  thickness  to  projec¬ 
tile  length  remains  constant. 

A  somewhat  similar  treatment  is  used  to  demonstrate  the 
scaling  effect  for  the  number  of  projectile  remnants  produced. 
These  data  are  presented  In  figure  13  which  shows  (  |  vs 

t  V  (kh)^/ 

^  where  M,  In  this  case^  Is  the  total  number  of  projectile  rem¬ 
nants.  The  Interpretation  here  Is  that  the  nundier  of  projectile 
remnants  produced  varies  directly  with  the  volume  of  the  projec¬ 
tile,  providing  the  target  thickness  Is  scaled  with  a  linear  di¬ 
mension  of  the  projectile. 

Data  associated  with  the  distributions  of  niuabers  of  spall 
particles  resulting  from  oblique  Impacts  on  targets  have  also 
been  obtained.  Although  a  number  of  significant  features  of  the 
phenomena  are  evident,  the  oblique  impact  data  do  not  permit  as 
simple  am  Interpretation  as  data  from  normal  impacts.  The  added 
complexities  are  understandable  Inasmuch  as  the  center  of  spall 
Impact  does  not  lie  on  a  line  beneath  the  perforation  perpendic¬ 
ular  to  the  target  nor  on  the  original  line  of  flight  of  the  pro¬ 
jectile;  It  Is  found  to  lie  between  these  two  extremes.  Hence, 
the  distribution  of  particles,  In  terms  of  the  target-witness  ge¬ 
ometry  used  for  normal  Impacts,  Is  not  Independent  of  the  azi¬ 
muthal  coordinate  0  (see  fig.  8). 

The  depez^ence  of  spall  numbers  upon  the  coordinate  0  Is  11- 

1  AH 

lustrated  in  figure  14  which  Is  a  plot  of  —  vs  0  and  may  be 

Interpreted  as  representing  the  percentage  of  the  total  number  of 
particles  found  to  reside  in  Indicated  Intervals  of  the  angular 
coordinate  0.  The  plot  Is  for  data  obtained  from  Scale  1  projec¬ 
tiles  Impacting  targets  at  60  degrees  obliquity  (a  m  60  degrees). 
Projectile  velocities  were  2,0  km/soc,  3.2  km/sec,  and  4.0  km/sec. 
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FIGURE  14.-  Normalized  Population  Density  os  o  Function  of  Azimuthal  Angle. 


FIGURE  IS.  •Effect  of  Impact  Angle  Upon  Displacement  Angle. 


The  data  were  averaged  lor  several  target  thloknesses  since, 
again,  a  target  thickness  effect  was  not  evident.  Several  sig¬ 
nificant  features  of  the  data  are  evident:  (1)  The  spall  par¬ 
ticles  are  not  dispersed  synaietrlcally  about  the  origin  of  cir¬ 
cles  on  the  witness  foil  (point  0  in  fig.  8);  rather,  the  center 
of  spall  lapact  is  displaced  radially  outward  along  0  «  O  (in 
the  azimuthal  direction  corresponding  to  the  line  of  flight  of 
the  projectile).  (2)  The  density  cf  spall  particles  is  maximum 
along  0  a  0  and  diminishes  progressively  and  symmetrically  in 
both  the  positive  and  negative  angular  directions  removed  from 
the  0  a  0.  (3)  The  percentage  of  the  total  number  of  spall  par¬ 

ticles  fotuul  in  any  given  element  A  0  is  Independent  of  target 
thickness  and  projectile  velocity.  A  similar  independence  for 
2S-0  aluminum,  245-0  aluminum,  and  2024*d'3  aluminum  for  one  pro¬ 
jectile  system  (3.2  km/sec,  Scale  I  projectile)  was  demonstrated 
earlier  {5) . 

The  displacements  of  the  centers  of  spall  Impact  as  a  func¬ 
tion  of  both  impact  angle  and  target  thickness  are  plotted  in  fig¬ 
ure  18.  The  figure  is  a  plot  of  displacement  angle  (0^^)  vs  Impact 
angle  (a)  with  target  thickness  as  a  parameter;  displacement  angle 
is  a  measure  of  the  displacement  of  the  center  of  spall  population 
from  point  0.  The  Scale  1,  4.0  km/sec  projectile,  was  used  to  im¬ 
pact  1/32,  1/16,  3/32,  and  1/B-inch  thick  2024*^3  aluminum  targets 
at  50,  60,  and  70  degree  Impact  angles.  Target  thicknesses  are 
specified  relative  to  the  projectile  length.  An  added  feature  of 
the  plot  is  that  centers  of  spall  populations  for  the  ten  percen¬ 
tile  group  of  particles  having  higher  penetration  capabilities  are 
shown  plotted  separately.  These  data  are  identified  by  the  desig¬ 
nation  -  10  percent;  the  aggregate  groups  are  identified  by  the 
designation  -  100  percent.  Significant  features  of  the  plot  are 
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aa  follows:  (1)  the  displacement  angle  Increases  with  the  im¬ 
pact  angle  up  to  impact  angle  values  of  between  SO  degrees  and  60 
degrees  after  which  a  decrease  in  displacement  angle  is  noted  for 
further  increaeea  in  impact  angle;  (2)  displacement  angle  is  always 
less  than  imi>act  angle;  (3)  there  is  a  tendency  for  the  ten  percen¬ 
tile  group  to  have  lower  displacement  angles;  however,  the  differ¬ 
ence  is  small  and  for  practical  purposes  they  are  interpreted  to  be 
the  same  as  those  for  the  aggregate  group. 

It  would  seem  desirable  to  make  a  short  comment  regarding  the 
peculiar  behavior  noted  in  (1)  above  where  displacement  angle  was 
found  to  decrease  for  values  of  Impact  angle  greater  than  about  60 
degrees.  It  Is  believed  that  the  axis  for  the  envelope  of  projec¬ 
tile  remains  and  associated  target  particles  flowing  through  the 
perforation  in  the  target  is  different  from  the  axis  of  target 
spall  produced  by  shock  interactions.  The  Interplay  of  two  such 
distinct  distributions  could  conceivably  cause  displacement  angle 
to  be  a  double  valued  function  of  impact  angle. 

Ill ,  Mass  Distribution 

Hass  distribution  refers  to  the  manner  In  which  the  mas^  con¬ 
tained  In  the  spall  envelope  is  spatially  distributed.  The  col¬ 
lection  agent  was  gelatin,  and  the  data  were  derived  ..rom  the  same 
shots  used  to  determine  separate  particle  population  distribution 

for  target  spall  and  projectile  remnants.  Distribution  curves 
1  A  H 

take  the  form  —  ^  ^  vs  ft  which  Is  similar  to  the  distribution 
curves  for  the  nundier  of  spall  particles  except  that  mass  rather 
than  numbers  is  being  distributed  among  the  space  elements.  The 
data  are  presented  in  two  plots  (figs.  16  and  17}  which  show  ^ 

A  JH  “ 

vs  ft  for  the  target  spall  mass  and  the  mass  of  projectile 
remnants  respectively.  The  plots  contain  three  data  point  sets 
representing  Scale  I,  3.2  km/sec,  Scale  Z,  4.0  km/sec,  and  Scale 
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II.  3.2  km/Bec  i>ro.1«cttie«  that  Inpacted  on  variouB  thicknesses 
of  2024-^3  alunlaum  targets  at  nomal  Incidence.  Individual  data 
points  represent  an  average  for  several  target  thicknesses.  Sig¬ 
nificant  features  of  both  plots  may  be  summarized  as  follows:  (1) 
Both  distributions  are  qualitatively  similar  to  the  number  distri¬ 
bution  plots  presented  earlier ^  i.e.,  maximum ‘density  Is  observed 
at  the  center  of  spall  Impact  and  decreases  radially  outward;  (2) 
the  mass  distribution  for  projectile  remnants  differs  from  the  one 
for  target  spall  particles  In  that  the  former  shows  a  substantially 
greater  percentage  of  the  mass  distributed  nearer  the  center  of 
spall  Impact;  similar  behavior  existed  for  the  number  distribution 
data;  (3)  the  percentage  of  the  total  amount  of  mass  (target  ma¬ 
terial  or  projectile  remnants)  found  in  any  given  space  element  Is 
independent  of  target  thickness,  projectile  scale  size,  and  projec¬ 
tile  velocity;  (4)  from  (1)  and  (2)  It  may  be  concluded  that  par¬ 
ticle  size  la  not  particularly  dependent  upon  the  space  coordinates. 

Another  set  of  plots,  figures  18  and  19,  Is  presented  to  in¬ 
dicate  reasonable  scaling  laws  for  the  total  mass  contained  In  the 

If 

envelope  of  material  behind  thin  targets.  The  graphs  show 

t 

plotted  against  -•  for  the  total  target  spall  mass  and  the  mass  of 

id 

projectile  remnants  respectively.  The  power  of  the  quantity  (IcL) 
la  three  In  these  Instances  and  indicates  that  the  total  spall 
mass  is  proportional  to  the  volime  of  the  projectile  providing  the 
target  thickness  Is  scaled  with  the  linear  dimensions  of  the  pro¬ 
jectile.  The  plots  also  show  that  the  target  spall  mass  Increases 
with  target  thickness  providixig  one  does  not,  too  closely,  approach 
the  maximum  ]>enetratlon  capability  of  the  projectile;  the  mass  of 
recovered  projectile  remains,  however.  Is  Independent  of  target 
thickness  at  this  particular  velocity  (3 .2  km/sec) . 

Figure  20  shows  the  effect  of  target  thickness  on  spall  par- 
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FIGURE  I8.-Eftact  of  Projoctilo  Sito  Upon  the  Mott  of  Rocovtrtd 
Torotf  Spall. 
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FIGURE  20.-  Effect  Of  Target  Thteknesi  Upon  Averoge  Torget  Spoil  Particle 
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tide  slsso.  The  niot  in  preeen+ert  in  terms  of  the  reduced  var¬ 
iables  ^  X  mass/number  vs  .  The  first  power  of  ^  is  the 
proper  reducing  factor  between  these  Scale  I  and  Scale  IX  impact 
data  because  it  has  been  shown  that  treatment  of  the  mass  data 
involved  the  third  power  and  the  nuisber  data  the  second  power  of 
this  factor.  It  should  also  be  pointed  out  that  the  values  are 
unweighted  average  measures  of  spall  particle  size  because  total 
mass  has  simply  been  divided  by  total  number.  Individual  data 
point  sets  are  shown  for  impacts  with  3.2  km/sec  Scale  X,  4.0 
km/sec  Scale  1,  and  3.2  km/sec  Scale  II  projectiles.  The  charac¬ 
ter  of  the  plot  is  interesting  from  several  viewpoints:  (1)  The 
average  size  (mass/paji'iiule)  oX  the  target  spall  particles  in¬ 
creases  drastically  with  increasing  target  thickness;  the  Increase 

amounts  to  almost  au  order  of  magnitude  for  r*  values  ranging  from 

Jj 

one  to  three.  The  change  in  spall  mass  and  spall  numbers  with  in¬ 
creasing  target  thickness  are  in  the  proper  direction  for  maximum 
increase  in  particle  size,  lie.,  spall  mass  increases  while  spall 
numbers  decrease.  (2)  Average  spall  particle  size  la  proportional 
to  the  first  power  of  the  scale  factor;  hence,  the  Scale  II  projec¬ 
tiles  produce  spall  particles  which  are,  on  the  average,  twice  the 
size  of  those  produced  by  Scale  X  projectiles.  (3)  The  Scale  I, 

4.0  km/sec  data  have  been  Included  in  this  plot  merely  to  show  that 
target  thickness  effect  is  much  more  pronounced  than  the  effect 
from  the  indicated  change  in  velocity;  it  is  conceivable,  however, 
that  a  significant  velocity  effect  might  be  observed  if  the  projec¬ 
tile  velocities  were  substantially  different. 

IV,  Velocity  Distribution 

The  experimental  effort  directed  toward  a  description  of  the 
velocity  distribution  of  the  material  ejected  from  thin  plates 
was  limited  by  the  small  scale  size  of  the  projection  systems  used. 
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No  Single  experiment  has  proven  Adequate  fcr  this  purpose  and, 
as  a  consequence,  several  velocity  measuring  techniques  have 
been  employed.  A  dual-channel  flash  X-ray  system  has  been  suc¬ 
cessfully  applied  to  the  problem  of  determining  the  residual  ve¬ 
locity  of  the  emerging  projectile  material.  These  measurements 
coupled  with  target  Impulse  studies,  with  a  ballistic  pendulm, 
have  led  to  values  of  total  target-spall  momentum.  A  recently 
developed  framing  camera  technique  has  proven  satisfactory  for 
determining  the  velocity  spectrum  of  the  combined  projectile  and 
target  spall  particles  produced  by  a  variety  of  impact  conditions. 
In  this  technique,  the  target  spall  particles  and  projectile  re¬ 
mains  are  directed  toward  a  thin  aluminum  foil  viewed  by  the  fram¬ 
ing  camera.  The  side  of  the  foil  away  from  the  camera  is  uniformly 
illuminated  by  means  of  an  exploding  wire  used  In  coivjunctlon  with 
a  diffusion  screen.  When  the  particles  punct\ire  the  foil,  the 
event  is  recorded  In  the  framing  camera  sequence  as  a  bright  flash. 
The  time  of  occurrence  of  this  event  relative  to  the  time  of  tar¬ 
get  Impact  and  the  distance  between  the  target  and  the  witness  foil 
are  then  used  to  calculate  an  average  velocity  for  each  particle 
observed.  By  an  appropriate  choice  of  framing  rate  the  entire  ve¬ 
locity  spectrum  can  be  mapped. 

The  results  of  the  Investigations  carried  out  In  this  area 
are  graphically  shown  in  figures  21  through  29;  when  considered 
in  their  entirety  they  lead  to  certain  conclusions.  The  formula 


where  z  s  Instantaneous  depth  In  the  target; 

V  s  residual  fragment  velocity; 
r 

A^  =  cross  sectional  area  of  Impacting  fragment; 
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■  mass  of  impacting  fragment; 

M  Initial  fragment  velocity; 
p  m  target  density; 
k  ■  target  strength  factor 

derived  from  previous  work  with  3.2  km/sec,  Scale  I  projectiles  C6) 
is  found  to  be  applicable  when  the  projectile  scale  size  is  varied. 
This  Is  Illustrated  In  figure  21  where  the  measured  values  of  v 

r 

for  both  Scale  I  and  Scale  ZX  projectiles  are  plotted  as  a  func¬ 
tion  of  target  thickness;  a  curve  calculated  from  the  above  for¬ 
mula  using  the  same  value  of  the  strength  constant  k  Is  also  shown. 

Furthermore ,  by  reasoning  that  any  net  Impulse  transferred 
to  the  target,  per  se,  Is  due  to  the  forces  associated  with  the 
strength  term,  k,  the  residual  velocity  formula  can  be  used  to 
predict  target  Impulse  by  first  calculating  the  total  momentum 
lost  by  the  projectile  In  perforating  a  given  target  thickness, 
z,  and  then  deducting  from  this  value  the  momentum  loss  associa¬ 
ted  with  the  fluid  term  in  the  equation,  i.e.,  k  ■  0.  This  method 
was  used  to  obtain  the  values  represented  by  the  curve  which  Is 
presented  In  figure  22  along  with  measured  values  of  target  im¬ 
pulse  obtained  from  ballistic  pendulum  measurements.  The  agree¬ 
ment  between  the  measured  value  and  the  value  calculated  on  the 
basis  of  the  above  model  is  very  good;  however,  It  should  be  em¬ 
phasized  that  the  model  is  based  on  the  assumption  that  the  pro¬ 
jectile  suffers  little  deformation  during  the  perforation  process. 
Flash  radiographs  Indicate  that  this  assumption  Is  no  longer  valid 
for  steel-aluminum  Impacts  above  4  km/sec. 

There  is,  under  certain  Impact  conditions,  appreciable  mo¬ 
mentum  associated  with  the  material  splashed  from  the  front  sur¬ 
face  of  thin  targets;  consequently,  a  simple  measure  of  target  im¬ 
pulse  and  a  knowledge  of  projectile  momentum  is  not  sufficient  for 
specifying  the  momentum  of  the  material  carried  through  the  target. 
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FIGURE  2I.-R«sidual  Projectile  Velocity  as  o  Function  of  Torgel  Thickness. 


FIGURE  22.  -  Comparison  Between  Measured  and  Colculated  Values  of  Target 
Impulse. 
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Stanyukovich  has  proposed  that  above  a  certaia  critical  velocity 
the  momentum  delivered  to  a  target  structure  is  simply  related 
to  the  kinetic  energy  oi  the  Impacting  projectile  (7) . 
Speciflcallyi  he  equates: 


J  • 


Bgp 


where  J  m  total  normal  Impulse; 

•«  projectile  energy; 
y'~ie  m  target  strength; 

B  ■  coefficient  of  proportionality, 

A  limited  number  of  tests  with  aluminum,  lead,  copper,  and 
cadmivun  targets  tend  to  substantiate  the  above  formulation. 

These  results  are  presented  in  figure  23  whore  the  ratio  of  the 
total  target  impulse  to  the  Impacting  projectile  momentum  is  plot¬ 
ted  as  a  function  of  reduced  impact  velocity  for  a  variety  of  im¬ 
pact  conditions.  On  the  assumption  that  e  represents  the  shear 
strength  of  the  target,  the  above  formula  can  be  rewritten  as: 


J  m 


B 


2/pr  V, 


where  J  ■  total  norsial  impulse; 

m  projectile  momentum; 

V  at  impact  velocity; 
o 

p  m  target  densi'vy; 

X 

V  m  shear  wave  velocity; 
s 

B  ■  coefficient  of  proportionality. 

Thus  the  ratio  Is  a  linear  function  of  Impact  velocity  reduced 
^  J 

o 
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by  /p~  V  .  When  plotted  In  this  form  the  data  Indeed  show  this 

M 

linear  dependence. 

In  terms  of  the  thin  targets,  an  Interesting  and  Important 
aspect  of  the  momentum  excess  phenomenon  is  illustrated  in  fig** 
ure  24  where  the  experimental  results  of  Impulse  tests  with  thin 
aluminum  and  lead  targets  are  presented.  In  these  experiments 
the  total  forward  momentum  delivered  to  the  target  structxire 
target  spall  system  was  measured  as  a  txmction  of  target  thick¬ 
ness,  For  the  lead  targets,  3.2  kn/sec.  Scale  I  projectiles  were 
used;  S.O  km/sec.  Scale  II  projectiles  were  used  In  the  aluminum 
tests  since  this  was  the  only  Impact  arrangement  where  excess  mo¬ 
mentum  was  observed. 

The  slgnllicant  feature  of  this  series  of  tests  is  the  fact 
that  the  total  forward  momentum  is  essentially  independent  of  tar¬ 
get  thickness  when  the  latter  exceeds  one  to  two  times  the  pro¬ 
jectile  length.  Since,  on  the  basis  of  hydrodynamic  considerations, 
these  values  roughly  correspond  to  the  primary  penetration  expected 
for  these  target-projectile  combinations,  the  results  indicate  that 
the  excess  momentum  Imparted  to  the  target-spall  system  is  derived 
during  the  hydrodynamic  phase  of  the  perforation  process. 

The  practical  implication  of  these  observations  is  illustrated 
in  figures  25  and  26  where  the  results  of  impulse  studies  in  2024-T3 
aluminum  targets  at  Impact  velocities  of  3.2,  4,0,  and  5.0  km/sec 
are  summarized.  The  ratio  of  target  impulse  to  the  initial  projec¬ 
tile  momentum  is  plotted  as  a  function  of  target  thickness  in  fig¬ 
ure  25.  It  will  be  noted  that  only  a  small  fraction  (20  percent 
or  less)  of  the  total  forward  momentum  is  absorbed  by  the  target 
structure  for  target  thickness  less  than  twice  the  projectile 
length . 

The  ratio  of  total  spall  momentum  to  the  Initial  projectile 
momentum  is  plotted  in  figure  26  as  a  function  of  target  thickness. 
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These  results  emphasize  the  fact  that  a  considerable  portion  of 
the  total  forward  momentum  is  contained  in  the  target  ejecta  sys¬ 
tem  for  target  thicknesses  in  excess  of  the  depth  of  penetration 
expected  in  the  semi-infinite  target  configuration;  for  Impacts 
at  S.O  km/sec,  the  value  of  spall  momentum  is  greater  than  that 
of  the  impacting  projectile  momentum  for  target  thicknesses  eqtial 

to  or  less  than  P  (crater  depth  in  an  infinite  target), 
c 

The  framing  camera  technique  has  been  used  to  obtain  data 
relative  to  the  velocity  distribution  of  the  individual  ejecta 
particles  as  a  function  of  target  thickness  for  3.2  km/sec  Scale 
I,  3.2  km/sec  Scale  ZI,  and  S.O  km/sec  Scale  II  impacts  on  2024-T3 
aluminum  targets.  The  results  of  these  experiments  are  presented 
in  figures  27  through  29  where  values  of  — jj—  — i  which  repre¬ 
sent  the  percentage  of  the  total  population  lying  in  a  velocity 
increment  A  v,  are  plotted  as  a  function  of  velocity  for  various 
target  thicknesses. 

The  results  indicate  that  for  scaled  systems  (figures  27  and 
28)  the  velocity  distributions  are  similar  in  that  both  the  maxi¬ 
mum  spall  velocity  (intercepts  with  the  velocity  axis)  and  the 
mnviria  of  the  curves  (velocity  corresponding  to  the  maximum  per¬ 
centage  of  the  total  number)  nearly  coincide. 

The  velocity  distribution  curves  for  different  target  thick¬ 
nesses  impacted  at  3.2  km/sec  and  5,0  km/sec  show  the  expected 
shift  in  the  direction  of  lower  velocity  values  as  the  target 
thickness  is  increased.  The  distributions  obtained.  :n  3.2  km/sec 
and  5.0  km/sec  Scale  XI  tests  with  3/8  inch  thick  targets  tend  to 
show  a  blmodal  form  which  probably  arises  from  a  distinction  be¬ 
tween  the  velocities  of  the  projectile  remnants  (a:ad/or  target 
material  driven  through  the  perforation)  and  spallation  resulting 
from  shock  interaction  at  the  free  surface  of  the  target. 
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THIN  PLATE  PERFORATION  STUDIES 

CONCIiUDXNQ  REMARKS 

The  more  important  aspects  of  the  thin  plate  perforation 
process  have  been  Investigated  over  the  velocity  range  from  2 
to  5  km/sec.  Particular  emphasis  was  placed  on  studying  the  spa¬ 
tial,  mass,  and  velocity  distribution  of  rear  surface  ejecta  as 
the  Impact  velocity,  projectile  scale  size,  and  the  target  thick¬ 
ness  were  varied.  A  number  of  simple  relationships  have  been  es¬ 
tablished  among  these  variables.  For  the  case  of  a  nondeforming 
projectile.  It  has  been  shown  that  residual  projectile  velocity 
and  target  Impulse  can  be  predicted  on  the  basis  of  a  simple  math¬ 
ematical  model. 

The  situation  is  much  more  complicated  where  the  projectile 
Is  seriously  deformed.  However,  the  observations  relating  to  the 
behavior  of  the  target  ejecta  system  indicate  the  applicability 
of  a  simple  shock-spallation  model.  Evidence  for  this  comes  from 
the  projectile  scale  size  experiments  at  3.2  km/sec  where  It  was 
found  that  the  mass  of  target  material  varied  with  the  cube  of  the 
characteristic  projectile  dimension  while  the  total  number  of  tar¬ 
get  particles  generated  varied  with  the  square  of  the  projectile 
dimension.  The  formation  and  subsequent  breakup  of  a  back  surface 
spall  might  lead  to  these  results  If  proposed  spall  scaling  laws 
are  valid  (8) .  In  addition,  the  number  of  target  particles  Is 
found  to  depend  most  heavily  on  target  thickness,  decreasing  mark¬ 
edly  as  the  target  thickness  is  increased.  Furthermore,  for  a 
given  target  thickness  and  projectile  scale  size,  the  number  of 
particles  Is  found  to  increase  with  Impact  velocity.  This  behavior 
suggests  that  the  number  of  particles  generated  in  any  given  Impact 
situation  depends  primarily  on  the  Intensity  of  the  shock  wave  In¬ 
cident  on  the  rear  surface  of  the  target .  The  general  behavior  of 
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the  velocity  distributions  ol  the  ejecta  can  be  described  In 
these  same  terms. 

Further  evidence  supporting  the  proposed  spall  model  lies 
in  the  observed  insensitivity  of  the  spatial  distributions  of 
the  target  ejecta  on  any  of  the  experimental  parameters.  Since 
the  ratio  of  the  radial  and  normal  components  of  velocity  ol  a 
given  particle  would  depend  heavily  on  the  curvature  of  the  im¬ 
pinging  shock  wave  (a  slowly  varying  function  of  the  initial 
parameters)  rather  than  the  Incident  shock  strength  (a  rapidly 
varying  function  of  the  Initial  parameters),  this  observation 
is  also  compatible  with  the  proposed  model. 
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ABSTRACT 

Rigid  and  foldable  meteroid  protection  8yBt»>m8  for  space  structures  have 
been  experimentally  evaluated  by  Goodyear  Aircraft  Corporation  (GAC). 

In  light  of  the  findingsi  GAC  proposes  using  a  double-wall  system  incorpo¬ 
rating  a  thin  outer  wall  and  a  foam  spacer  attached  to  an  inner  structural 
wall.  The  foam  spacer  serves  as  a  mechanical  atmosphere  tending  to  ab¬ 
sorb  and  arrest  the  impacting  materials  through  vaporization. 

The  GAC  experimental  teats  and  data  do  not  support  the  conclusion  u* 
other  investigators  that  the  penetration  resistance  of  polymeric  materials 
(flexible  fabrics)  cannot  compare  with  metals.  Significant  trends  in  ma¬ 
terials  and  techniques  for  protecting  against  hypervelocity  impacts  are 
exhibited. 
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PRQTEG  TION  FRpMvHyPfRy 


INTRODUCTION 


!  I 

f-  I 


Meteoroid  protection  systems  can  logically  be  discussed  only  after  mete¬ 
oroid  environment,  damage,  and  simulation  have  been  studied  and  evalu¬ 
ated,  Only  the  important  facets  of  these  problems  are  presented  in  this 
paper;  more  extensive  details  can  be  found  in  the  references. 

Meteoroid  environmental  characteristics  of  interest  are  flux,  mass,  com¬ 
position,  velocity,  and  spatial  position.  Figure  1  presetits  a  summary  of 
meteoroid  flux  and  mass  determinations.  Unfortunately,  there  is  still  a 

lack  of  data  in  the  mass  regime  where  the  greatest  penetration  hazard  is 

1  & 

indicated.  A  simple  function  relationship  was  tentatively  and  conserv¬ 
atively  selected  for  preliminary  design  purposes  on  vehicles  in  close  earth 
orbit.  The  relationship  is  defined  by  =  1  X  lO“*^m*^‘^®,  where 
is  the  number  of  particles  per  square  meter  por  second  of  mass  greater 
tlian  or  equal  to  m  in  grams. 

Meteoroids  can  be  classified  into  three  groups  by  density.  Thus,  90  per- 

cent  of  the  total  flux,  F..  ,  consists  of  0.  5  g/cm  particles;  9  percent  con- 

3  ^  3 

sists  of  2.8  g/cm  particles;  and  1  percent  consists  of  7 , 8  g/cm  parti¬ 
cles.  The  low  density  particles,  0.5  g/cm^,  are  believed  to  be  higher 

E  3  4 

density  particles  held  together  by  fragile  porous  matrix  materials.  '  * 

Meteoroid  velocity  is  believed  to  decrease  as  the  particle  mass  decreases. 
A  velocity  gradation  with  particle  mass  is  shown  in  Figure  2,  The  aver¬ 
age  perforation  hazard  meteoroid  is  believed  to  have  a  velocity  no  less 
than  50,  000  ft/sec  relative  to  any  earth -orbiting  space  vehicle.  For  ex¬ 
pediency,  the  oversimplification  is  adopted  that  the  meteoroid  flux  follows 
a  Poisson  distribution. 

Two  basic  types  of  damage  are  expected  from  meteoroid  impacts.  The 
smaller  micrometeoroid  particles  striking  the  outer  wall  of  a  space  struc¬ 
ture  tend  to  erode  the  surface,  thereby  causing  changes  in  the  optical 
properties  and  subsequently  affecting  the  thermal  balance  of  the  structure. 
The  larger  meteoroid  particles  may  penetrate  the  space  structure  and 

^Superior  numbers  in  the  text  refer  to  items  in  the  List  of  References. 
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Figure  1  -  Meteoroid  Flux  in  Near-Earth  Environment 


Figure  2  -  Meteoroid  Mass-Velocity  Relationship 
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cause  spalling  accompanied  by  or  independent  of  penetration.  Impacts  by 
the  larger  nrteteoroids  subsequently  could  produce  other  types  of  damage 
to  a  space  structure,  such  as  structural  failure,  loss  of  internal  pres¬ 
surizing  and  life -supporting  gases,  equipment  damage,  explosive  decom¬ 
pression!  and  catastrophic  atmospheric  flash,  ^ 

This  investigation  was  directed  toward  the  development  of  external  addi¬ 
tional  protection  for  both  rigid  and  flexible  structural  wails,  to  prevent 
wall  perforation  by  all  meteoroids  with  masses  up  to  the  largest  that  rea¬ 
sonably  could  be  expected  to  be  encountered  during  an  actual  mission.  Re¬ 
fer  to  Figure  Z  for  a  comparison  of  test  projectiles  and  meteoroids. 

Until  recently,  with  the  exception  of  a  few  scattered  points,  the  maximum 
published  impact  velocity  appeared  to  be  12.  000  ft/sec  for  projectiles  of 
known  mass.  During  early  1962.  several  simulation  facilities  were  found 

.4 

capable  of  accelerating  smalt  spherical  projectiles  from  1  to  10  grams 
to  velocities  approaching  25,000  ft/sec  using  light  gas  guns.  Later  in 
1962,  several  faciUtica  were  established  to  be  capable  of  accelerating 
particles  to  and  above  50,000  ft/sec  by  using  exploding  foil  techniques. 
Various  shaped  charge  devices  accelerate  particles  to  and  above  30,000 
ft/sec.  These  facilities  require  ingenious  instrumentation  for  measuring 
particle  mass  just  before  impact.  It  can  be  seen  that,  if  acceleration  tech¬ 
nique  improvement  maintains  its  present  pace,  adequate  simulation  of  mete¬ 
oroid  particle  sizes  and  velocities  will  be  attained  in  the  near  future.  ^ 

Considerable  work  is  still  required  in  measuring  and  recording  the  various 
phenomena  associated  with  hypervelocity  impact.  However,  instrumenta¬ 
tion  technology  hae  shown  considerable  advance.  Velocity  measurements 
are  made  by  a  variety  of  techniques.  High-speed  photography  is  used  for 
submicrosecond  observations  of  surface  phenomena  at  impact  and  for  ob¬ 
servations  of  such  interior  behavior  as  crater  enlargement,  shock  propa¬ 
gation,  and  fracture  in  transparent  targets.  Transient  density  changes  as 
well  as  surface  and  interior  processes  have  been  exhibited  by  flash  X-ray 
photography.  Pressure-time  profiles  during  crater  formation  have  been 
obtained.  Impulse  measurement  by  ballistic  pendulum  techniques,  recovery 
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of  particre“ffaginenta'ahcl'’re’8idue,  and  recovery  of  spall  particles  are  en¬ 
abling  quantitative  analyses  to  be  more  rigorous.  However,  no  single  fa¬ 
cility  provides  all  the  desirable  techniques  for  complete  qualitative  and 
quantitative  analysis  of  hypervelocity  impact  phenomena.  ^ 


EXPERIMENTAL  DATA 


As  part  of  a  company- sponsored  program  for  evaluating  expandable  space 
and  lunar  structures  consisting  of  both  rigid  and  flexible  materials,  Good¬ 
year  Aircraft  Corporation  has  experimentally  and  theoretically  investi¬ 
gated  hypervelocity  terminal  effects. 

An  initial  review  of  impact  investigations  being  pursued  indicated  that  work 
was  proceeding  on  structural  metals  and  that  multiple  wall  structures  were 
exhibiting  considerable  promise.  However,  it  was  found  that  other  typos 
of  materials  for  the  most  part  were  being  neglected. 

An  experimental  program  was  initiated  to  compare  the  meteoroid  penetra¬ 
tion  resistance  of  polymeric  materials  with  the  penetration  resistance  of 
aluminum  materials,  to  indicate,  thereby,  the  significance  and  general 
order  of  importance  for  the  various  experimental  parameters,  and  to  thus 
assist  in  directing  future  designs  of  space  vehicles.  The  hypervelocity 
firings  were  conducted  for  the  program  by  the  Armour  Research  Founda¬ 
tion  of  Illinois  Institute  of  Technology,  on  ballistic  range  No,  i,  using 
4.  54  mg  Pyrex  and  4.95  mg  steel  spheres. 

Target  specimens  were  designed  using  the  findings  of  other  investigators. 
Funkhouser,  using  12,  000  ft/sec,  0.  062-in.  copper  projectiles  fired  at 
double-wall,  aluminum  targets,  concluded  that  O.Ol  to  0.02-in.  bumpers 
gave  the  best  penetration  protection  and  that  bumper  spacing  beyond  2  in, 
was  unwarranted.  Nysmith  and  Summers,  using  11,000  ft/sec,  l/8-in. 
Pyrex  projectiles  fired  at  multiple  wall  aluminum  targets,  concluded  that 
increasing  the  number  of  sheets,  increasing  the  wall  spacing,  and  using  a 
spacer  of  lightweight  filler  material  increased  the  penetration  resistance. 
Using  these  results,  a  hypothesized  target  specimen  design  was  formu¬ 
lated. 
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The  nomenclature  uaed  to  describe  specimen  configuration  is  given  in  Fig¬ 
ure  3.  Initially  the  hypothetical  specimen  design  for  hypervelocity  pene¬ 
tration  resistance  was  conceived  to  function  as  follows:  The  bumper 
serves  to  fragment  the  meteoroids  which  have  a  mass  such  as  to  cause 
penetration.  The  spacer  positions  the  outer  wall  (or  walls)  and  may  ar¬ 
rest  and  absorb  the  shattered,  impacting  materials.  The  inner  wall  may 
provide  a  more  economical  weight  design  while  performing  much  the  same 
function  as  the  bumper  to  fragment  and  stop  meteoroids.  The  structural 
wall  carries  the  structural  loads.  In  addition,  it  also  serves  as  the  gas 
retaining  wall  for  pressurized,  manned  space  structures 

Impacted  specimens  are  shown  in  Figures  4  and  5.  Complete  description 
and  test  results  are  shown  in  the  Appendix. 

BUMPER  TEST  RESULTS 

The  target  specimens  for  the  experiments  had  varied  bumper  constructions 
in  order  to  obtain  data  on  homogeneous  and  composite  (heterogeneous)  ma¬ 
terials  with  flexible  and  rigid  characteristics. 


Sj  =  -  I  in. 


*1  •  Osiignsd  for  itrucfurol  loadt 

Figure  3  -  Schematic  of  Initial  Hypothetical  Specimen  Configuration 

(Utilized  for  Single-,  Double-,  and  Triple-Wall  Specimens) 
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VELOCITY  •  1fl,200  FPS 
BMMPER  •  0.90>PSF  ALUMINUM 
SPACER  •  0.94*PSF  ALUMINUM 
Sheet  truss 

INTERIOR  WALL  •  0.90-PSF 
ALUMINUM 

STRUCTURAL  WALL  •  O.Sa-PSP 
ALUMINUM 


VELOCITY  -  19.100  FPS 
BUMPER  -O.SI^PSF  ALUMINUM 
HONEYCOMB  1  PANEL 
SPACER  ‘O-TO^RSF  aluminum 
HONEYCOMB  TRUSSORIO 
INTERIOR  WALL  •  O.St-PSF  ALU¬ 
MINUM  HONEVCOMB  2  PANEL 
STRUCTURAL  WALL  -  0.6S-PSF 
Aluminum  honeycomb  z 

PANEL 


VELOCITY  •  19.400  FP$ 

QUMPCR  *  O.JI-PSF  ALUMINUM 
HONETCOMB  Z  PANEL 
SPACER  •  0.«2-PSr  RIOlO  POLY- 
UNCTMANC  fOAM 
INTERIOR  WALL  ♦  O.lt-PSP  ALU¬ 
MINUM  HONEYCOMB  Z  PANEL 

structural  wall  -o.es-PSF 

ALUMINUM  HONEYCOMB  Z 
PANEL 

. »: . 1 


VELOCITY  •  ai.too  FPS 
BUMPER  •  O.SI-PSF  ALUMINUM 
HONEYCOMB  2  PANEL 
SPACER  •  O.eZ-PSF  RIOIO  POLY¬ 
URETHANE  FOAM 
INTERIOR  WALL  •  O.Sl-PSF  ALU¬ 
MINUM  HONEYCOMB  2  PANEL 
STRUCTURAL  WALL  •  O  eS-PSF 
ALUMINUM  honeycomb  2 
PANEL 


VELOCITY  •  19.000  FP9 
BUMPER  •  O.ll-PSF  ALUMINUM 
HONEYCOMB  2  PANEL 
SPACER  •  O.eS-PSF  RiOlO  POLY¬ 
URETHANE  FOAM 
INTERIOR  WALL  '  NONE 
STRUCTURAL  WALL  -  0,61-PSF 
ALUMINUM  HONEYCOMB  2 
PANEL 


SPKCmN  E-7 

VELOCITY  •  19.100  FPS 
BUMPER  •  O.aO-PSF  ALUMINUM 
SPACER  •  O.sa-PSF  RIGID  POLY¬ 
URETHANE  FOAM 
INTERIOR  WALL  •  NONE 
STRUCTURAL  WALL  -  O-SB-PBF 
ALUMINUM 


w 


fiPEcmHN  EH 

VELOCITY  •  ao.900  FPS 
BUMPER  •  0  SO-PSF  ALUMINUM 
SPACER  •  0  OS-PSF  RIOIO  POLY- 
urethane  FOAM 
INTERIOR  WALL  •  NONE 
STRUCTURAL  WALL  •  0.S9-PSF 
ALUMINUM 


srEcivKs  r  t 


velocity  •  19.900  »  PS 
BUMPER  -  0  42-PSr  OACRON- 
auTri. 

SPACER  -  1.00-PSF  RUBBER 
FOAM  ISYNTHETIC) 
INTEHlOH  WAUL  •  0.4a-PSF 
OACRON-BUTYL 
STRUCTURAL  WALL  •  O.S9*P»F 
OACRON-BUTYL 


SPECIMEN  C-/ 


velocity  •  iB.ioe  FPS 
BUMPER  •  0.42-PSP  DACRON- 
BUTYL 

SPACER  -  1.00-PSF  RUBBER 
FOAM  fSYNTHETlC) 
INTERIOR  WALL  -  NONE 
STRUCTURAL  WALL  •  0.S9-PSF 
OACRON-D  UTVL 


SPECIMEN  G-3 


VELOCITY  •  19.B00  FPS 
BUMPER  •  0.42-PSF  OACRON- 
BuTYL 

SPACER  •  1.00-PSF  RUBBER 
FOAM  I9YNTHST|C> 
INTERIOR  WALL  •  NONE 
STRUCTURAL  WALL  -O.St-PSF 
DACRON-BUTYL 


SPECIMEN  H.S 


VELOCITY  •  II  .400  FPS 
BUMPER  .  0.17-PtF  ALUMINUM 
SPACER  -0.2-PSF  flexible 
POLYURETHANE  FOAM 
INTERIOR  WALL -NONE 
STRUCTURAL  WALL  •  0.84-PSF 
ALUMINUM 


SPECIMEN  H‘JJ 


VELOCITY  -  I2.SOO  FPS 
BUMPER  •  e.17-P|F  ALUMINUM 
SPACER  «  0.2-PIF  FLEXIBLE 

polyurethane  foam 

INI  BRIOR  WALL  •  NONE 
STRUCTURAL  WALL  •  0.B7-PSF 
ALUMINUM 


SPECIMEN  Ihl4 


PROJECTILE  •  U.042  IN.  STEEL 
(4.BB  MO) 

VBLOCITT  <  I2.S00  FPS 
BUMPER  •  0.17-PtF  ALUMINUM 
SPACER  •  O.I-PtF  FLEXIBLE 
POLYURETHANE  FOAM 
INTERIOR  WALL  -  NONE 
STRUCTURAL  WALL  •  0.S7-PSF 
ALUMINUM 


SPECIMEN  !•! 


VELOCITY  •  ll.aoo  FPS 
BUMPER  .  O.IB-PSF  OACRON- 
NEOPRENE 

SPACER  .  0.2-PSF  FLEXIBLE 
POLYURETHANE  FOAM 
INTERIOR  WALL  •  NONE 
STRUCTURAL  WALL  -  O.SB-PSF 
DACRON-NEOPRENE 


PROJECTILE  FOR  ALL  SPECIMENS  EXCEPT  H-14  WAS  O-OSS-IN.  PYREX  (4.M  MQ). 


Figure  4 


Hypervelocity  Penetration  Specimens  A- 11 


through  1- 1 
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S/*^C/tfAW  i-2 


vcLOCiTY  •  la.aoo  fps 

BUMPER  •  0.1B«PSF  DACRON- 
NEOPRENE 

SPACER  •  0.2-Psr  FLExieue 
polyurethane  foam 
interior  wall  •  NONE 

STRUCTURAL.  WALL  •  O.S7«PSF 
OACHON'NEOPRENE 


spf:cm:.\ 


VELOCITY  •  ai.aoo  fps 

BUMPER  •  0.17<PSF  OACRON* 
NEOPRENE 

SPACER  •  0.2«PSF  FLEXIBLE 
POLYURETHANE  FOAM 
INTERIOR  WALL  *  NONE 
STRUCTURAL  WALL  '  O.SO-PSF 
OACRON'NBOPRENC 


PROJECTIL  E  •  0.042  IN.  STEEL 
<4. as  MOl 

VELOCITY  -  22.250  fPS 
BUMPER  •  0  I7*0ACR0N< 
NCOPReNC 

SPACER  •  0.2-P)F  FLEXIRLC 
POLYURETHANE  FOAM 
INTERIOR  WALL  *  NONE 
structural  wall  >0  S9«PSF 
OACRON^NEOPRENE 


srKClVHfS  J  J 


VELOCITY  •  ll.aoo  FPS 
BUMPER  •  NOT  APPLICABLE 
SPACER  •  0  a-PSP  FLEXIBLE 
pOlyuRetmane  foam 

INTERIOR  WALL  «  NONE 
STRUCTURAL  WALL  *0  SI-PSF 
OACRON'NEOPRSNE 


SPKCmX  K’ I 


velocity  •  3I.JO0  FPS 
BUMPER  •  0  17-PSF  FIBERCLASS' 
SILICONE 

SPACER  •  0.2«PSF  FLEXIBLE 
POLYURETHANE  FOAM 
INTERIOR  WALL  •  NONE 
STRUCTURAL  WALL  -  0  JC^PSF 
OACRON'PQL  Y  URE  T  HANE 


spfimm-  K-J 


velocity  .  20.000  F''»5 
BUMPER  •  0.17-rtF  FIBEROLASS* 
SILICONE 

SPACER  >0  2>PSF  FLEXIBLE 
POLYURETHANE  FOAM 
INTERIOR  WALL  '  NONE 
STRUCTURAL  WALL  •  0  2S<PSK 
OACRON'POLYURE  THANE 


SPKcniKS  L‘J 


VELOCITY  •  20.S00  FPS 
BUMPER  -0.I7-PSF  ALUMINUM 
SPACER  -  NOT  APPLICABLE 
INTERIOR  WALL  •  NONE 
structural  WALL  >  0.B4«PSF 
ALUMINUM 


sm:mN  .tf  •.< 


velocity  -  21.200  FPS 
BUMPER  -0  ia-PSF  DACRON' 
NEOPRENE 

SPACER  •  NOT  APPLICABLE 
IN  lERIOR  WALL  •  NONE 
structural  WALL  •  O.BO'PSF 
OACRON'NCOPRINE 


sfK(:i\ff:s  \-t 


VELOCITr  •  10. 200  FPS 
BUMPER  •  O.lS'PSF  ux-IOBB 
POLYURETHANE 
SPACER  •  0.2'PSF  FLEXIBLE 
POLYURETHANE  FOAM 
INYERiOR  WALL  '  NONE 

structural  wall  *  O.aOPSF 

OACROH'NEOPRENE 


srh:cm:.\  A'*j 


VELOCITY  ♦  20.000  FPS 
BUMPER.0.I7-P5F  CX'104« 
POLYURETHANE 
SPACER  ♦  0.2-P5F  FLEXIBLE 
POLYURETHANE  FOAM 
INTERIOR  WALL  •  NONE 
STRUCTURAL  WALL  •  0.80-P5F 
OA  CRQH'N  EOPRE  NE 


SP/iCLVEN  0‘J 


VELOCITY  •  22.2S0  FPS 
BUMPE:*  •  0.17'PSF  MYLAR 
LAMINATE 

SPACER  •  0.2'PSP  FLEXIBLE 

polyurethane  foam 

INTERIOR  WALL  •  NONE 
STRUCTURAL  WALL  •  O.S9'P$F 
OACRON'MEOPRENE 


(i.: 


SPECIMEN  P-1 

velocity  •  20. BOO  FPS 
BUMPEf)  •  O.lft'PSF  CS'lOB  COATED 
RENE  41  WIRE  CLOTH 
SPACER  '  0.2'P8F  FLEXIBLE 
POLYURETHANE  FOAM 
INTERIOR  WALL  *  NONE 
tTRUCTURAL  WALL  •  0.60-PSr 
DACRON-NEOPRENE 


SPEC.IMEU  ()./ 

VLLOCITY  •  2t.a04  FPS 


BUMPER  •  e.OOT'PSF  1  MIL  MYLAR 
SPACER  •  0.2'PaF  FLEXIBLE 
POLYURETHANE  FOAM 
INTERIOR  WALL  >  NONE 
STRUCTURAL  WALL  •  O.EI'PBF 
OACRON'NBOPRENE 


SPECIMEN  H-1 

VELOCITY  •  20.000  FPS 
BUMPER  •  NOT  APPLICABLE 
SPACER  '  NOT  APPLICABLE 
INTERIOR  WALL  •  NONE 
STRUCTURAL  WALL  •  O.SO'PSF 
ALUMINUM 


SPECIMEN  S-2 

VELOCITY  •  20. BOO  FP$ 
BUMPER  '  NOT  APPLICABLE 
SPACER  •  NOT  APPLICABLE 
INTERIOR  WALL  '  NONE 
STRUCTURAL  WALL  •  0.92'PSF 
OACRON'NEOPRENE 


PROJECTILE  FOR  ALL  SPECIMENS  EXCEPT  1*8  WAS  0.063'IN.  PYREX  (4.54  MG) 


Figure  5 


Hypervelocity  Penetration  Specimens  1-2 


through  S-2 
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PROSTECSiOH  Fa.QM 


Typical  hypervelocity  projectile  impacts  on  homogeneous  bumper  ma¬ 
terials  are  displayed  in  Figure  6.  The  homogeneous  bumper  materials 
demonstrate  the  typical  lip  formation  characteristics  of  hypervelocity  im¬ 
pacts  in  the  fluid  region,  as  is  shown  by  the  aluminum  bumper  of  speci¬ 
men  £-9.  In  addition,  the  polyurethane  bumper  of  N-3  reveals  a  sun¬ 
burst  pattern  suggestive  of  stress  lines  about  the  circular  hole  and  the 
Mylar  bumper  of  Q-1  shows  minor  radial  cracks. 

The  typical  hypervelocity  thin  plate  hole  is  shown  in  cross-section  in  Fig¬ 
ure  6.  The  outer  lip  farmed  on  homogeneous  bumpers  consisted  of  materi¬ 
al  raised  above  the  original  outside  surface  around  the  circular  hole.  Upon 
hypes'velocity  impact  a  hemispherical  crater  initially  is  formed  by  the  im¬ 
pact  pressure.  Subsequently,  the  particle  and  target  materials  flow  along 
the  surface  df  the  expanding  crater  and  are  ejected  in  the  opposite  direc¬ 
tion  from  that  of  the  projectile.  The  final  ejection  of  the  materials  re¬ 
sults  in  the  formation  of  this  lip. 

The  inside  surface  of  homogeneous  bumpers  exhibited  lip  formations  as 
pronounced  as  the  outer  surface.  The  inside  lip  is  probably  attributable 
to  the  bumper  material  carried  with  the  projectile  during  the  final  phase 
of  pushing  through  the  bumper. 

The  heterogeneous  bumpers  generally  evidenced  adhesion  or  delamination 
failure  about  the  impact  point  as  shown  in  Figure  7.  There  were  two  ex¬ 
ceptions;  the  Rene  41-CS-105  bumper  of  P-1  exhibited  minute  radial 
cracks  about  a  circular  hole,  and  Dacron-Neoprene  bumpers  impacted  at 
12,800  ft/sec  had  no  noticeable  defects  about  their  circular  holes.  The 
adhesion  and  delamination  failures  can  be  attributed  to  the  heat  generated 
at  impact  and  to  ejection  of  minute  fragments  of  bumper  material  immedi¬ 
ately  after  impact.  However,  the  adhesion  or  delamination  failure  area 
about  the  hole  should  still  be  partially  effective  in  fragmenting  any  impact- 
ing  meteoroid. 

The  Z-panel  bumpers  of  C-21  showed  pronounced  blow-back  effects.  Z- 
panels  are  constructed  of  a  crushed  aluminum  honeycomb  bonded  between 
two  thin  aluminum  sheets.  The  blow-back  and  the  large  area  of  damage 
associated  with  it  can  probably  be  explained  as  being  the  results  of  the 
mechanism  of  crater  growth. 
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PROTECTION  FROM  arRER VEJ^OCI  TY  PARTIC:^5 


aluminum  bumper  •  SPECIMEN  E-S 


POLYURETHANE  BUMPER  •  SPECIMEN  N-3 


MYLAR  BUMPER  •  SPECIMEN  0*1 


HOLE 

OIA. 


TYPICAL  HYPERVEIOCITY 
THIN-PLATE  HOLE 


Figure  &  -  Homogeneous  Bumper  Impacts 
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MYLAR  LAMINATE  BUMPER  -  SPECIMEN  0-1  RENE  ai.CS-10S  BUMPER  >  SPECIMEN  P-t 


The  medium  that  positions  the  bumper,  the  interior  wall,  and  the  struc¬ 
tural  wall  from  one  another  is  identified  herein  as  a  spacer.  Depending 
on  the  spacer  material,  this  medium  provides  various  amounts  of  addi¬ 
tional  protection  for  the  structural  wall,  A  foam  spacer,  for  example, 
serves  as  a  mechanical  atmosphere  that  tends  to  absorb  and  arrest  the 
impacting  particles  through  vaporization.  Under  hypervelocity  impact 
conditions  this  vaporization  of  the  foam  spacer  causes  cavities  of  various 
sizes  and  shapes  to  be  formed.  The  size  and  shape  of  the  cavities  are 
functions  of  the  bumper  (material  and  mass),  of  the  spacer  (material  and 
mass),  and  of  the  projectile  (material,  mass,  density,  and  velocity).  (Fig¬ 
ures  4  and  5.  ) 

The  aluminum  sheet  truss  spacer  of  A-11  reveals  widespread  pitting  and 
penetration.  The  aluminum  sheet  honeycomb  trussgrid  spacer  of  B-13 
shows  twisted,  torn,  ellipsoidal-shaped  damage.  The  rigid  4  Ib/ft  poly¬ 
urethane  foam  spacer  cavities  are  displayed  by  C-21  and  E-9*  The  triple¬ 
wall  Z-panel  specimen  C-21  displays  a  cylindrical  cavity  with  a  slight  in¬ 
dentation  of  the  interior  wall,  but  the  21 -mil  alummum  bumper  specimen, 
E-9,  has  a  spheroidal  cavity  in  the  spacer  medium. 

The  lightweight,  1.2  Ib/ft  ,  flexible,  polyurethane  foam  spacers  were 
tested  using  a  variety  of  bumper  materials.  Two  types  of  cavity  forma¬ 
tions  were  observed;  ellipsoidal  and  cylindrical.  Specimens  H-5,  1-5, 

K-1,  N-3,  0-1,  and  P-1  had  ellipsoidal  shaped  cavities.  All  specimens 
used  a  12-mil  aluminum  bumper  (or  its  equivalent  by  weight  in  other  ma¬ 
terials). 

Cylindrical  cavities  in  the  lightweight,  flexible,  polyurethane  foam  spacers 
were  attributable  to  several  different  test  conditions:  (1)  12,800  ft/sec 
Pyrex  projectiles,  (2)  steel  projectiles,  (3)  1 -mil  aluminized  Mylar,  and 
(4)  absence  of  a  bumper. 

The  cavity  shape  thus  was  shown  empirically  to  depend  on  the  effectiveness 
of  the  bumper  in  fragmenting  the  impacting  particles,  an  ability  of  the 
bumper  which  has  been  shown  to  be  dependent  on  the  projectile  speed  and 
material  and  bumper  mass. 
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PROiTs  co'-ieN 


OTHER  TEST  RESULTS 


Specimens  L-2  and  M-3  shown  in  Figure  8  were  aluminum  double-wall 
and  Oacron-Neoprene  double -wall  specimens  of  equal  weights  but  having 
no  spacer  mediums.  The  impact  side  of  the  structural  wall  of  the  alumi¬ 
num  specimen  exhibited  a  series  of  concentric  circular  pattern  of  small 
pits  that  were  most  intense  in  and  on  a  circle  0.  6-in.  in  diameter  and 
diminished  in  intensity  as  the  circles  grew  larger.  The  reverse  side  of 
the  metal  specimen  structural  wall  had  a  permanent  set  that  corresponded 
to  the  intense  pitting  on  the  impact  side.  The  impact  side  of  the  struc¬ 
tural  wall  of  the  fabric  specimen  showed  limited  pitting  and  a  change  in 
texture  inside  a  circle  0.  5-in.  in  diameter.  No  damage  was  visible  on  the 
reverse  side  of  the  fabric  specimen  structural  wall. 

Two  single-wall  specimens,  S-Z  (Dacron-Neoprene  fabric)  and  R-1  (alumi¬ 
num  alloy),  of  equal  weight  were  also  impacted.  The  specimens  sustained 
approximately  equal  damage.  These  single-wall  penetrations  concisely 
sliow  the  need  for  additional  lightweight  protection  from  the  impacting  pro¬ 
jectile.  That  additional  protection  can  be  provided  by  foam-spacers  with 
or  without  a  bumper  wall  will  be  shown. 


MECHANICAL  ATMOSPHERE  PROTECTION  CONCEPT 

Bumper  and  spacer  damage  is  one  criterion  for  evaluating  the  penetration 
resistance  of  impacted  constructions,  but  total  depth  of  penetration  into  the 
specimen  is  considerably  more  important.  A  quantitative  comparison  of 
penetration  resistance  for  specimens  of  different  designs  is  obtained  by 
comparing  the  weight  loss  per  unit  area  of  the  specimen  to  the  maximum 
depth  of  the  penetration. 

Table  I  presents  a  summary  of  the  penetrated  weight  of  all  target  speci¬ 
mens  by  Pyrex  projectiles  of  approximately  equal  velocities  (20,000  ft/sec). 
The  arrangement  of  specimens  lists  the  most  resistant  specimen  first  and 
subsequent  specimens  in  a  descending  order  of  resistance.  The  total 
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structural  wall  impact  •  SPECIMEN  L-2 


structural  wall  impact  -  SPECIMEN  M-3 
Figure  8  -  Structural  Wall  Damage  When  No  Spacer  was  Used 
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Interior  watl  v»etghl  included  because  of  pitting. 


'  T»RdTEet^N~FROM  HYPi>Rv®i®e'K^ 

penetrated  weight  of  the  specimens  seems  to  decrease  as  the  bumper  and 
spacer  masses  decrease. 

The  interior  wall  at  times  stopped  the  penetration  into  various  specimens 
but  usually  sustained  no  visible  damage.  This  effect  of  the  inner  wall 
tends  to  obscure  the  quantitative  evaluation  of  the  impact  damage.  The 
effectiveness  of  the  inner  wall  in  stopping  penetration  is  indicated  but  will 
necessitate  future  experiments  before  its  effectiveness  can  be  evaluated. 

A  plot  of  penetrated  foam  weight  versus  the  foam  density  where  the  pene¬ 
tration  was  arrested  in  the  spacer  medium  is  exhibited  in  Figure  9.  Speci¬ 
men  D-l?  is  excluded  because  of  the  relative  ineffectiveness  of  the  Z-panel 
bumper.  Specimens  G-1  and  G-3  are  excluded  because  the  foam  medium 
was  other  than  polyurethane.  Specimens  T-2  and  U»1  are  shown  in  Fig¬ 
ure  10. 


Several  very  interesting  trends  and  conclusions  can  be  drawn  from  Fig¬ 
ure  9.  Specimens  U-li  E-7,  E-9,  and  T-1  all  have  approximately  equiva¬ 
lent  2024T3  aluminum  bumper  masses  with  different  densities  of  rigid 
polyurethane  foam.  The  foam  penetrated  weight  decreases  with  decrease 
in  foam  density;  this  is  the  same  observation  derived  from  Table  I.  The 
observed  straight  line  is  actually  an  equation  derived  in  the  following  man¬ 
ner.  The  maximum  penetration  depth  observed  was  experimentally  ob¬ 
tained.  Its  development  will  be  discussed  in  a  later  paragraph. 

P(L  -  1. 27)  =  0.416  , 


where, 

p  is  the  foam  density  (Ib/ft^) 

Lf  IB  the  maximum  foam  penetration  depth  (in.). 


Rearranging. 


L 


1.27 


^  0.416 
P 


Multiplying  both  sides  by  p/l2  the  penetrated  surface  weight  in  pounds  per 
square  foot  is  obtained. 


=  0.  106  P  +  0.0347  . 
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PENETRATED  FOAM  WEIGHT 


PR'dTBeTION  PROM  HY PBRVE  IsOGI^Y 


FOAM  DENSITY  (  P  Ib/cu  If) 


Figure  9  -  Penetrated  Foam  Weight  Comparisons 


Figure  10  -  Penetration  Test  Specimens  T-2  and  U-l 
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protection  from  hypervelocity  particles 

Now  if  specimen  K-l  and  K-2  are  added  to  the  polyurethane  foam  penetra¬ 
ted  weight  curve,  they  fall  very  closely  to  the  established  line.  Specimens 
K-l  and  K-2  are  constructed  of  a  flexible  polyurethane  foam  spacer  and  of 
a  fiberglass-silicone  bumper  having  a  weight  approximately  45  percent  of 
the  other  specimens  shown. 

Total  depth  of  penetration  versus  foam  density  is  presented  in  Figure  11. 
This  figure  includes  two  additional  test  points.  Specimen  H-5  represents 
an  equivalent  K  specimen  with  the  exception  tliat  the  bumper  was  2024T3 
aluminum.  Specimen  J-2  is  also  equivalent  to  or  K  with  the  exception 
of  having  no  bumper  wall.  Both  H-5  and  J-2  should  have  greater  total  pene- 
trated  weight  since  the  penetration  was  stopped  by  the  inner  wall.  Arrows 
indicate  this  condition  on  the  curve. 

Several  conclusions  can  be  drawn  from  Figure  11.  The  lower  the  foam 
density  becomes,  the  greater  the  resistance  per  unit  weight.  Fiberglass 
fabric  was  found  to  be  more  effective  as  a  bumper  than  an  aluminum  wall 
of  equal  weight.  Decrease  in  bumper  weight  causes  a  decrease  in  total 
penetrated  weight. 


Figure  11  -  Total  Penetrated  Weight  Comparison 
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While  it  must  be  emphasized  that  these  conclusions  are  based  on  experi¬ 
mental  results  of  certain  projectile  materials  and  speedSi  the  conclusionsi 
nevertheless,  merit  extensive  investigation  and  study. 


Adequately  reliable  formulas  for  calculating  single  sheet  thickness  required 
to  just  stop  a  given  projectile  were  generally  developed  for  metals  and  have 
been  experimentally  verified  to  approximately  20,000  ft/sec.  The  most 
commonly  used  formula,  developed  by  NASA,  Ames,  is 


where 


t  =  3.42dp 


\ 


\ 


t  s  the  plate  thickness  Just  to  stop  a  given 
projectile 

dp  =  projectile  diameter 


pp  s  projectile  density 

=  target  density 

V  =  projectile  velocity 
C  =  velocity  of  sound  in  target 

As  shown  in  Figure  12,  specimen  J-2,  a  spacer  of  flexible,  1.2  lb/ft^> 

polyurethane  foam  of  2-in.  thickness  weighing  0.20  Ib/ft^  was  able  to  stop 

a  21, 900-ft/8ec,  0.063-in.  diameter,  4.54  mg  Pyrex  projectile  having  a 
% 

density  of  2. 12  gr/cm  without  visible  damage  to  the  structural  wall.  On 
the  other  hand,  for  an  identical  projectile  and  velocity,  the  single  sheet 
weight  of  aluminum  (as  found  by  the  above  formula)  is  3. 14  Ib/ft^.  The 
comparison  of  0.20  and  3.14  Ib/ft^  shows  an  increase  in  efficiency  of 
penetration  resistance  for  foam  by  a  factor  of  15.7  to  that  of  a  single-wall 
aluminum  structure. 


This  ability  of  foam  to  absorb  and  arrest  an  impacting  projectile  appears 
somewhat  analogous  to  the  atmospheric  dissipation  of  meteors.  The  basic 


270 


Sei: 


‘PROTECTION  PROM-H-Y-PERV-ELOGI-T-Y-PAIi-XIGLES- 


PROJECTIue*. 

0.00ei«lN.  PYRCX 
VELOCITY: 

21,900  PPS 
SPACER:  4 

0.2  LB/PT^  PLEXIBLE 
POLYURETHANE  POAM 


impact  surpaci 


Figure  12  -  Mechanical  Atmosphere  Concept 
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system  of  protection  from  hypervelocity  particle  impacts  by  using  foam 
as  the  essential  component,  therefore,  is  identified  by  Goodyear  Aircraft 
Corporation  as  a  mechanical-atmosphere  protection  system.  The  mechani¬ 
cal-atmosphere  efficiency  factor  is  expected  to  increase  with  impacting 
velocity  increase.  The  expected  increase  in  efficiency  is  important  since 
meteoroid  impacts  for  the  most  part  are  expected  to  be  above  50,  000  ft/- 
sec. 

Experimental  work  with  particle  velocities  to  22,500  ft/sec  showed  that 
the  efficiency  of  the  protection  system  decreased  as  the  impacting  particle 
velocity  decreased  and  as  the  impacting  particle  density  increased.  The 
decrease  in  efficiency  from  these  causes  is  relatively  unimportant  for  a 
near-earth  environment  since  the  average  velocities  of  meteoroids  are 
above  50,  000  ft/sec  and  since  massive,  steel-like  particles  are  very  in¬ 
frequent. 

The  use  of  foams  for  space  structures  requires  consideration  of  other  fac¬ 
tors,  such  as  vibration  and  shock.  The  data  obtained  from  vibration  and 
shock  tests  conducted  on  6-in.  cubes  of  rigid  polyurethane  foam  is  tabu¬ 
lated  in  Table  II.  None  of  these  specimens  showed  any  tendency  to  dis¬ 
integrate  when  severely  shock-tested  by  blows  from  a  5.4  lb  hammer,  ex¬ 
cept  for  the  rigid  foam  with  a  density  of  1 . 5  lb  per  cubic  foot  that  fractured 
very  easily  under  a  slight  shock  imposed  by  hand.  The  test  results  indi¬ 
cate  that  flexible  foams  should  be  used  if  foam  densities  of  1. 5  Ib/ft^  or 
less  are  required  in  a  structure  subject  to  vibration  and  shock  loads. 


TABLE  n  -  RIGID  FOAM  VIBRATION  AND 
SHOCK  TEST  DATA 


Density 

(Ib/ft^) 

Input 

(g) 

Resonance 

frequency 

(cps) 

Output 

(g) 

Test  time  at 
resonance 
(min) 

6 

25 

500 

350 

5 

4 

25 

500 

300 

5 

2.5 

25 

490 

380 

5 

1.5 

25 

470 

485 

5 
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Skin  thickness  limitations  are  often  encountered  in  vehicle  designs.  The 
penetration  depth  of  a  specimen  thus  assumes  increased  significance.  The 
curve  of  penetrated  foam  length  versus  unit  weight  is  presented  in  Figure 
13.  At  zero  foam  density  the  penetrated  foam  length  would  be  expected  to 
be  infinite.  At  the  higher  foam  densities,  above  4  Ib/ft  ,  the  penetrated 
length  remained  approximately  constant.  A  hyperbola  of  the  foam 
x(y  -  a)  =  j3  was  then  empirically  fitted  obtaining  an  equation  having  a 
standard  deviation  of  7.6  percent. 

p(L  .1.27)  =  0.416  . 

AMdiLlu>{al  work  is  being  conducted  to  further  investigate  the  feasibility  of 
the  niechanical-atmoaphere  protection  system.  Copper  spheres  l/64-in. 
in  diameter  and  Mylar  discs  are  being  fired  at  velocities  ranging  from 
20,000  to  50,000  ft/sec  into  foam  specimens  with  and  without  bumpers. 
Technical  Operations  incorporated  of  Burlington,  Mass.,  is  conducting 
the  firings. 

The  use  of  a  mechanical  atmosphere  leads  to  a  re-evaluation  of  the  purpose 


Pyesx  proiectlls  4.54  mg  (=720,000  f</>sc) 
Bvmpsr  wsighli  T-2  (,  U-1  •  0.32  Ib/cw  ft 


E.7  Bi  U  E.9  .  0.30  Ib/cu  (t 
K.1  &  K.2  .  0.17  Ib/cu  ft 


FOAM  DENSITY  (p  Ib/cu  ft) 


Figure  13  -  Foam  Penetration  Depth 
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of  a  bumper  wall.  An  outer  wall  is  required  in  a  space  structure  utiliz¬ 
ing  the  mechanical-atmosphere  protection  system  (1)  to  protect  the  foam 
during  handlingt  ascent,  and  deployment  operations,  (2)  to  shield  the 
foam  from  the  effects  of  ultraviolet  radiation,  and  (3)  to  maintain  proper 
absorptive  and  emissive  characteristics  for  thermal  control. 


CONCLUSIONS 

The  specimen  design  postulated  for  meteoroid  protection  of  space  struc¬ 
tures  is  shown  in  Figure  14,  The  bumper  serves  as  a  protective  layer  for 
handling  purposes  and  other  abrasive  conditions.  It  also  serves  as  an 
optical  coating  for  thermal  balance  when  in  space.  Only  incidentally  does 
the  bumper  tend  to  fragment  impacting  hypervelocity  particles.  The  foam 
spacer  absorbs,  arrests  and/or  vaporizes  the  impacting  materials;  the 
foam  spacer  also  positions  the  outer  wall  (bumper)  from  the  structural 
wall  and  offers  some  thermal  balance  features.  The  structural  wall 
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Figure  14  -  Protection  Concept  for  Manned  Space  Structures  from 
Meteoroid  Penetration 
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primarily  carries  the  structural  loads  and  serves  as  the  gas^retaining 
wall  for  pressurizedi  manned  space  structures. 

It  was  also  learned  from  these  initial  investigations  that: 

1.  Without  a  bumper,  the  foam  spacer  penetration  resist¬ 
ance  to  Pyrex  projectile  velocities  over  21.900  ft/sec 
was  comparable  to  or  better  than  the  resistance  of  equal 
weight  aluminum  structures.  The  foam  spacer  exhibited 
an  efficiency  by  weight  15.7  times  that  of  a  single  alumi¬ 
num  wall. 

2.  Both  rigid  and  flexible  foam  spacers,  as  mechanical  at¬ 
mospheres,  tend  to  absorb  and  arrest  impacting  materials 
through  vaporization. 

3.  When  foam  spacers  were  absent,  aluminum  structural  walls 
sustained  greater  damage  than  equivalent  weight  fabric  walls 
against  20,000  ft/sec  Pyrex  projectiles. 

4.  An  aluminum  sheet  bumper  is  superior  to  an  equal  weight 
Z-panel  of  crushed  aluminum  honeycomb  against  20,000  ft/- 
sec  Pyrex  projectiles. 

5.  A  fiberglass-silicone  bumper  is  superior  to  an  equal  weight 
Z-pancl  of  crushed  aluminum  honeycomb  against  20,000  ft/- 
sec  Pyrex  projectiles. 

6.  Failures  about  the  impact  holes  for  some  nonmetals  indicate 
that  bumpers  should  be  made  of  homogeneous  materials  or 
of  high-temperature  composites. 

7.  The  use  of  a  bumper  for  fragmenting  hypervelocity  particles 
requires  re-evaluation  if  foam  is  used  as  an  absorbing  medium. 

Goodyear  Aircraft  is  persuing  theoretical  and  experimental  efforts  to  pro¬ 
vide  a  more  rigorous  investigation  of  the  mechanical  atmosphere  system 
of  protection  from  meteoroid  impacts.  Such  an  investigation  is  in  keeping 
with  the  considerable  promise  of  polymeric  materials  revealed  by  the  pres¬ 
ent  experimental  hypervelocity  terminal  efforts. 
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SUMMARY 

The  concept  of  self-sealing  structures  la  proposed  as  a  promising  and  highly  reliable 
technique  for  minimizing  air  leakage  due  to  meteoroid  Induced  punctures  to  pressur¬ 
ized  space  vehicle  compartments.  Three  mechanical  and  two  chemical  self-sealing 
concepts  are  presented.  Details  are  given  on  the  development  of  one  of  the  mechan¬ 
ical  concepts  In  which  an  elastomer  is  used  as  the  self-sealing  constituent.  Both 
panel  configuration  and  elastomer  response  to  hyperveloolty  puncturing  need  to  be 
considered  In  order  to  obtain  a  successful  self-sealing  panel.  A  correlation  Is  then 
shown  to  exist  between  dynamic  elastomer  response  characteristics  required  for 
successful  sealing,  and  pertinent  static  and  dynamic  material  properties.  It  is  pro¬ 
posed  that  the  static  material  property  correlation  be  used  as  a  preliminary  screening 
tool  for  candldato  elastomers  while  dynamic  testing,  preferably  by  hypervelocity 
puncturing,  bo  used  for  the  final  evaluation.  In  conclusion,  the  air  leakage  rate 
through  panels  punctured  by  i/8-inch  diameter  steel  spheres  at  velocities  to 7, 000  fps 
were  found  to  vary  from  zero  leakage  lo  1.4  ibs/day  for  a  driving  pressure  of  14.7  pel. 
This  compares  with  a  leakage  rate  of  280  Ibs/day  for  a  hole  the  same  diameter  as  the 
pellet  used  in  puncturing  the  self-scaling  panels. 

INTRODUCTION 

The  loss  of  Irreplaceable  fluids  caused  by  meteoroid  induced  punctures  during  either 
long  duration,  near  earth  space  missions,  or  those  extending  great  distances  from 
the  earth,  presents  a  major  problem  to  the  designer  of  future  manned  or  unmanned 
space  vehicles. 

*  -  -  -  —  - 

This  paper  reports  a  portion  of  the  findings  resulting  from  a  NASA  sponsored  research 
program  (NASr-102)  entitled  "Self-Sealing  Structures  for  Control  of  the  Meteoroid 
Hazard  to  Space  Vehicles"  -  Norm  Mayer,  Project  Monitor,  NASA  Headquarters, 
Washington,  D.  C. 
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Among  the  structural  techniques  that  have  been  proposed  for  minimising  Utis  hazard 
the  bumper  shield— or  multiple  wall  structure — concept  is  currently  the  favorite  among 
space  vehicles  designers.  Experiments  conducted  with  multiple  wall  structures,  at 
both  private  and  government  ballistic  facilities  (References  1,  2,  3),  have  demon¬ 
strated  that  this  technique  will  improve  the  penetration  resistance  of  a  structure  over 
that  of  an  equivalent  weight  single  sheet  configuration.  Although  this  technique  may 
prevent  penetration  or  Injection  of  projectile  and  shield  fragments  into  the  Interior  of 
a  space  vehicle,  damage  to  &e  inner  shell  may  be  severe  enough  to  cause  fracturing 
or  puncturing  of  the  shell  with  the  result  that  air  leakage  will  occur.  Furthermore, 
should  spallation  of  the  Inner  shell  material  occur,  the  crew  may  be  exposed  to  a 
spray  of  impact  Induced  particles.  The  possible  types  of  meteoroid  Impact  damage 
to  the  inner  shell  of  a  spaced  sheet  structure  are  Illustrated  in  Figure  1.  The 
"ballistic  limit"  as  used  In  this  illustration  is  the  critical  projectile  velocity  which 
causes  damage  of  the  inner  shell  that  results  in  air  leakage  from  the  pressurized 
compartment. 

A  more  promising  and  highly  reliable  technique  for  limiting  the  loss  of  a  space  vehicle's 
atmosphere  due  to  meteoroid  punctures  is  that  of  the  Self-Sealing  Structure.  In  this 
concept,  the  inner  pressurized  shell  of  a  space  vehicle,  either  with  or  without  a 
bumper  shield,  is  made  with  the  capability  of  self-sealing  after  being  punctured  by  a 
meteoroid.  A  few  possible  configurations  by  which  such  a  self-sealing  structure  may 
be  integrated  into  a  space  vehicle  design  are  illustrated  In  Figure  2,  In  configuration 
"A"  of  Figure  2,  the  structural  skin  of  the  self-sealing  shell  will  resist  penetration  by 
the  smaller  dust  particles  found  in  space.  Some  larger  particle  may  conceivably  punc¬ 
ture  the  shell  and  Inject  impact  induced  material  into  the  Interior  of  the  space  vehicle. 
In  this  latter  case,  however,  the  puncture  would  self-seal  thereby  preventing  leakage  of 
air  from  the  pressurized  cabin.  This  configuration  could  be  used  in  unmanned  pres¬ 
surized  compartments  or  in  areas  where  an  occasional  penetration  by  a  meteoroid 
could  be  tolerated. 

Local  shielding,  as  Illustrated  in  configuration  "B"  could  be  used  in  areas  highly  sensi¬ 
tive  to  particle  penetration,  such  as  the  crew's  working  and  sleeping  quarters  or  other 
areas  where  critical  instruments  or  equipment  may  be  made  Inoperative  by  meteoroid 
induced  particle  impacts. 
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(A)  •  NO  FRACTURING  OR  PUNCTURING 
OF  THE  INNER  SHELL. 

•  Mo  SPALLATION  OF  THE  INNER 

SHfii  material. 

•  NO  AIR  leakage. 


(B)  •  NO  PUNCTURING  OF  THE  INNER  SHELL. 

•  POSSIBLE  SURFACE  FRACTURING  OF 
THE  INNER  SHELL. 

•  SPALLATION  OF  INNER  SHELL  MATERIAL. 

•  NO  AIR  LEAKAGE. 


I  V  >  v' 


v»  v' 


(C)  •  PUNCTURING  OF  INNER  SHELL. 

•  FRACTURE  OF  INNER  SHELL  LOCAL 
TO  PUNCTURE  AREA. 

•  NO  SPALLATION  OF  INNER  SHELL. 

•  EXTENSIVE  AIR  leakage. 


(D)  •  PUNCTURING  OF  inner  SHELL. 

•  LARGE  CRACK  OR  PETALLIN6  OF  INNER 
SHELL  LOCAL  TO  PUNCTURE. 

•  SPALLATION  OF  INNER  SHELL  MATERIAL. 

•  EXTENSIVE  AIR  LEAKAGE. 


FIGURE  1  VARIOUS  TYPES  OF  METEOROID  IMPACT  DAMAGE 
TO  SPACED  SHEET  STRUCTURES 
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PUNCTURING  di^SBliE-SEaiJNG  STR^TURi^ 


(C)  BUMPER  SHIELD  t  SELF-SEALING  SHELL 


FIGURE  2  SELF-SEALING  WALL  CONFIGURATIONS  FOR  SPACE 
VEHICLE  APPLICATION 
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PliNCtURING  OF  SE  LF-  SEA'Li NG  BTttu'C  f U  s!!"  1..' 

Coufiguratlon  "C"  illustrates  the  concept  In  which  the  best  features  of  the  bumper  shield 
and  self-sealing  wall  are  combined  to  give  a  highly  reliable  system  possessing  both  high 
penetration  resistance  and  high  self-sealing  capability. 

SELF-SEA  UNO  STRUCTUHE  CONCEPTS 

The  theory  of  operation  of  the  self-sealing  structure  Is  based  on  a  self-sealing  material 
or  mechanism  which  Is  either  attached  to  or  forms  an  Integral  part  of  the  structural 
shell  of  the  pressurized  compartment  that  Is  to  be  protected. 

Upon  puncture  of  the  shell,  a  self-sealing  action  is  initiated  either  by  the  dynamic  Im¬ 
balance  due  to  the  escaping  fluids,  by  stored  energy  In  an  elastomer,  or  by  a  chemical 
reaction  resulting  from  the  dynamic  action  of  the  penetrating  particle  bringing  together 
materials  that  will  foam,  swell,  or  cure  and  set  upon  contact  or  exposure  to  the  space 
environment  (vacuum  and/or  radiation). 

During  the  course  of  Northrop's  NASA-sponsored  program  on  self-sealing  structures, 
five  self-sealing  panel  configurations — bvo  chemically  activated  and  three  mechanically 
activated— were  fabricated  and  their  sclf-soallng  capabilities  experimentally  verified  by 
puncturing  with  both  1/8-inoh  diameter  steel  and  lead  spheres  at  velocities  up  to 
7 , 000  fps.  This  paper  will,  however,  be  limited  to  the  discussion  of  the  h3'perveloclty 
testing  and  evaluation  of  one  of  the  mechanically  actuated  concepts,  namely,  the 
Honeyoomb-Core-Elastomer  Concept.  The  other  concepts  will  only  be  described  to 
the  extent  that  their  basic  characteristics  and  principles  of  operation  will  be  delineated. 

A  detailed  description  and  evaluation  of  these  oUier  concepts,  including  test  results,  may 
be  found  in  Reference  4. 

CHEMICAL  CONCEPra 

Catalyst-Membrane  Configuration.  The  basic  details  of  this  concept,  and  pertinent  para¬ 
meters,  are  Illustrated  In  Figure  3.  In  this  configuration,  a  double-wall  panel  Is  di¬ 
vided  into  two  compartments  by  a  thin  Impermeable  membrane.  One  compartment 
contains  an  uncured  elastomer  compound  while  the  other  contains  a  catalyst  for  curing 
the  elastomer.  The  principle  of  operation  is  that,  upon  penetration  by  a  meteoroid,  the 
membrane  will  be  punctured,  allowing  the  components  to  mix  and  Initiate  a  chemical 
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reaction  to  form  a  solid  (cured)  mass  of  elastomeric  material  and  thereby  effect  a  eeal. 

The  dynamic  mixing  action  of  the  puncturing  projectile  Is  sufficient,  in  most  cases,  to 
effect  a  seal  along  the  projectile  entry  path  sealing  the  punctures  through  both  panel 
faces  and  separating  membrane. 

A  munber  of  uncured  RTV  silicones  were  tested  with  the  most  successful  (RTV-60)  com¬ 
pletely  sealing  In  less  than  10  seconds. 

Catalyst-Bag  Encapsulation  Configuration.  The  basic  detaUs  of  this  concept,  and  perti¬ 
nent  parameters,  are  illustrated  in  Figure  4.  In  this  configuration,  the  elastomer  curing 
agent  is  encapsulated  in  polyethylene  bags,  and  the  bags  dispersed  between  two  layers 
of  tmcured  elastomer.  The  principle  of  operation  is  that  upon  penetration  by  a  meteoroid, 
one  of  the  polyethylene  bags  will  be  punctured  thereby  releasing  the  catalyst  which  will 
cure  and  set  the  unoured  elastomer  local  to  the  projectile  entry  path  to  effect  a  seal. 

MECHANICAL  CONCEPTS 

Elastomeric  Spheres  Configuration.  The  basic  details  of  this  concept,  and  pertinent  para¬ 
meters,  are  illustrated  In  Figure  6.  in  this  configuration,  the  panel  is  of  double-wall 
construction  with  the  space  between  the  walls  filled  with  loosely  packed  elastome^plo 
spheres.  If,  for  structural  reasons,  a  corrugated  core  panel  is  required,  the  spheres 
may  be  packed  in  the  channels  formed  by  the  oorrugattons  and  the  face  sheets. 

Puncturing  of  this  panel  creates  a  pressure  differential  across  the  opening  which  draws 
a  ball  into  the  puncture  of  the  outer  wall  (vacuum  side)  to  effect  a  seal.  Should  the 
puncture  diameter  be  larger  than  the  spheres,  two  or  more  may  bridge  the  gap  and 
either  seal  the  hole,  or  substantlslly  reduce  the  leakage  rate. 

Preoompresaed  Elastomer  Configuration.  The  basic  details  of  this  concept,  and  perti¬ 
nent  parameters,  are  illustrated  in  Figure  6.  In  this  configuration,  the  panel  is  a 
corrugated  core  sandwich  in  which  the  channels  are  filled  with  a  precompressed  elasto¬ 
mer.  The  fabrication  of  this  panel  is  accomplished  by  partially  filling  the  channels, 
formed  by  the  corrugations  and  face  sheets,  with  an  uncured  natural  rubber  which  ex¬ 
pands  upon  curing  to  completely  fill  the  space  between  the  face  sheets  with  a  precom- 
pressed  elastomer.  The  amount  of  compression  preload  is  governed  by  the  amount  of 
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DIRECTION  OF  PENETRATION 


VACUUM 

SIDE 


CURED  EUSTSMER  in 
SEALED  PUNCTURE 


UNCURED  ELASTOMER 
(SILICONE-RTV-M) 


SEPARATING  MEMBRANE 
MYLAR  FILM) 


CURING  CATALYST 
(NUO  CURE  -  2t) 


PERTINENT  PARAMETERS 

•  COMPARTMENT  SIZE  FOR  CHEMICAL  COMPONENTS 

•  PROPER  MIXING  OF  COMPONENTS 

•  CHEMICAL  REACTION  TIME  AFTER  PUNCTURE 

•  VISCOSITY  OF  CHEMiaL  COMPONENTS 


FIGURE  3  SELF-SEALING  PANEL  CHBtlCAL  CONCEPT  . 
CATALYST-MEMBRANE  CONRCURATtOH 


OIREaiOHOF  PENETRATION 


PERTINENT  PARAMETERS 

•  SIZE  OF  CURMG  CATALYST  ENCAPSULATING  BAGS 

•  PROPER  MIXING  OF  COMPONENTS 

•  CHBAICAL  REACTION  TIME  AFTER  PUNCTURE 

•  VISCOSITY  OF  CHEMICAL  COMPONENTS 

FIGURE  4  SELF-SEALING  PANEL  CHEMICAL  CONCEPT 
CATALYST-BAG  ENCAPSULATION  CONFIGURATION 
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DIRECTION  OF  PENETRATION 


SIDE 


PERTINENT  PARAMETERS 

•  HOLE  GEOMETRY 

•  TYPE  OP  DAMAGE  TO  PROJECTILE  ENTRY  FACE 

•  DIAMETER  OF  ELASTOMERIC  SPHERES 

•  HARDNESS  OF  ELASTdAERIC  SPHERES 

•  ORIVNG  FORCE  (PRESSURE  DIFFERENTIAL)  TO  MOVE 
SPHERES 

FIGURE  S  SELF-SEALING  PANEL  MECHANICAL  CONCEPT  - 
ELASTOMERIC  SPHERES  CONFIGURATION 


DIRECTION  OF  PENETRATION 


•  PRE-COMPRESSION  STRESS  IN  ELASTOMER 

•  POROSITY  OF  EXPANDED  ELASTOMER 

•  MATERIAL  LOSS  FOLLOWING  PUNCTURING 


FKUJRE  6  SELF-SEALING  PANEL  MECHANICAL  CONCEPT  - 
PRE-COMPRESSED  ELASTOMER  CONFIGURATION 
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uncured  rubber  used,  and  the  ratio  of  Its  unconflned  volume  expansion  (when  cured)  to 
that  permitted  by  the  panel  conflguraUon. 

Upon  puncturing  of  this  panel,  the  relieved  compression  preload,  local  to  the  projectile 
entry  path,  mechanically  moves  the  surrounding  elastomer  to  close  the  puncture  and 
effect  a  seal. 

Honeycomb  Core-Elastomer  Configuration.  The  basic  details  of  a  successful  configura¬ 
tion  of  this  concept  are  Illustrated  in  Figure  7.  The  panel  configuration  consists  of  a 
double-wall  honeycomb  core  sandwich  with  the  core  cells  filled  with  an  elastomer  seal¬ 
ant.  This  sealtmt  is  rigidly  confined  between  the  Inner  face  of  the  space  vehicle's 
structural  shell  and  an  Impervious  nonmetalllc  backup  sheet. 

The  principle  of  operation  for  this  concept  Is  based  on  limiting  the  destructive  energy 
dissipation  of  the  penetrating  projectile  and  damage  to  the  panel  and  sealant  so  that 
any  resulting  punctures  will  be  sealed  by  the  dynamic  mechanical  response  of  the 
elastomer. 

EXPERIMENTAL  TESTING  AND  CONCEPT  EVALUATION 

Initial  experimentation  during  the  development  of  successful  self-sealing  structures 
revealed  the  advantages  of  using  elastomers,  Instead  of  other  materials,  in  various 
panel  oonfiguratlons.  However,  the  fact  that  not  all  configurations  sealed  indicated  that 
the  proper  combination  of  material  properties  and  panel  configuration  was  required 
for  successful  sealing.  Therefore,  the  evaluation  of  the  Honeycomb  Core  Elastomer 
Concept  self-sealing  panel  configuration  was  conducted  In  two  phases.  In  Phase  I,  we 
evaluated  the  panel  configuration  and  geometrical  parameters  and  determinsd  the  contri¬ 
bution  of  each  panel  component  to  effective  self-sealing.  In  Phase  II,  we  evaluated  the 
sealant  material  and  determined  the  pertinent  dynamic  material  properties  and  mechan¬ 
ical  response  characteristics  required  for  obtaining  successful  sealing.  The  hyper- 
velocity  puncturing  of  the  panel  specimens,  at  velocities  to  T ,  OOO  fps,  was  accomplished 
with  the  Northrop  Particle  Accelerator  (Figure  8)  In  which  1/8-lnch  diameter  steel 
spheres  are  propelled  down  a  2-foot  long  barrel  by  an  explosive  gun  powder  discharge 
from  a  modified  25  calibre  rifle  cartridge.  Projectile  velocity  measurements  were 
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PANEL  CONFIGURATION  REQUIREMENTS 

•  RIGIDLY  CONFINE  SEALANT  MATERIAL 

•  MAINTAIN  BONDED  AND  STRUCTURAL  INTEGRITY 
OF  PANEL 

•  NOlWIESTRUCTIVE  IMPACT  ENERGY  ABSORPTION 
&  DISSIPATION 

•  MINIMIZE  LOSS  OF  SEALANT  MATERIAL 


FIGURE  7  SELF-SEALING  PANEL  MECHANICAL  CONCEPT  - 
HONEYCOMB  CORE  -  ELASTOMER  CONFIGURATION 
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ubiained  by  means  ui  a  veluuiiy  ueveviur  iu  siari  and  siup  a  Hewlell-Faukaiu  eleutruiiii:; 
counter.  The  gun  barrel  Is  enclosed  In  one  end  of  a  transparanet  plexiglass  chamber 
while  the  other  end  has  an  opening  for  mounting  of  the  test  panel,  llie  test  panel  was 
mounted  to  form  an  air  tight  seal  with  the  chamber.  The  chamber  was  then  evacuated 
to  between  0.4  and  0.5  Torr  to  give  a  pressure  differential  across  the  specimen  of 
approximately  one  atmosphere.  The  sealabillty  of  the  panel,  after  puncturing,  was 
determined  by  checking  for  air  leakage  around  the  projectile  exit  area  of  the  backup 
sheet. 

Panel  Configuration  Evaluation.  During  the  Initial  development  of  this  concept,  various 
combinations  of  materials  and  panel  configurations  were  tested  until  successful  self¬ 
sealing  was  obtained.  Examination  of  these  early  results  Indicated  that  the  sealing 
effectiveness  of  this  concept  was  sensitive  tn  the  following  panel  configuration  parameters: 

e  Addition  and  bonding  of  pellet  entry  face  sheet  to  panel, 

e  Elastomer  sealant  used  to  ftll  the  iiuneycornb  core  cells. 

•  Cell  size  of  honeycomb  cure  (height  and  diameter). 

•  Type  of  material  used  as  the  pellet  exit  slieel  (backup  sheet)  of  the  panel. 

e  Type  of  adhesive  and  quality  of  bond  for  bonding  the  various  components 

of  the  panel. 

Following  the  Initial  success  of  this  concept ,  the  contribution  by  each  panel  component 
to  effective  self-sealing  was  evaluated  by  the  hypervelocity  puncturing  of  panel  con¬ 
figurations  from  which  one  or  more  components  were  eliminated  or  their  material 
configuration  altered.  The  results  from  this  }>ha8o  of  the  evaluation  revealed  the 
fallowing: 

e  Pellet  Entry  Face  Sheet.  This  sheet  limits  the  impact  damage  to  the  sealant 
by  preventing  or  minimizing  fractures  and  cratering  of  the  pellet  entry  face 
of  the  sealant.  In  the  configurations  tested  in  which  this  face  sheet  was 
either  ellmtnated  or  left  unbonded  on  the  panel,  more  cratering  damage  to 
the  sealant  resulted. 
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FIGURE  8  NORTHROP  PARTICLE  ACCELERATOR  FOR  THE  HYPERVELOCITT 
PUNCTURING  OF  SELF-SEALING  PANEL  SPECIMENS 
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•  FlaatnTwfirln  flftniftnt.  This  Is  the  key  component  which  performs  the  aetiisl 
self-sealing  In  a  successful  panel  configuration,  A  successful  elastomer 
responds  to  hypervelocity  pimoturlng  by  permitting  passage  of  the  pellet, 
without  excessive  fracturing  or  loss  of  material,  local  to  the  pellet  entry 
path,  and  tlien  relounds  back  to  seal  the  hole.  From  our  sealant  evaluation 
program,  wo  found  two  materials  which  most  consistently  gave  successful 
self-sealing  action.  These  were  Polyurethane  PR  1632  and  Polysulflde 
PR  1221. 

s  Honeycomb  Core.  The  honeycomb  core,  besides  addition  structural  strength 
to  the  panel,  provides  a  cell  structure  for  rigidly  confining  the  sealant.  This 
improves  material  rebound  and  encourages  nondestructive  energy  dissipation 
while  localizing  damage  to  both  the  sealant  and  surrounding  structure. 

A  core  celt  size  {cell  diameter  and  cell  depth)  of  from  1. 5  to  2  times  the 
pellet  diameter  was  found  to  give  the  lightest  configuration  consistent  with 
effective  self-sealing  response. 

A  reinforced  plastic  honeycomb  core  was  found  to  be  a  better  nondestructive 
energy  dlsslpatcr  than  a  metallic  core.  When  an  aluminum  honeycomb’  core 
was  used,  extensive  damage  local  to  the  pellet  entry  path  and  exoesslve 
leakage  occurred. 

Eliminating  the  honeycomb  core  from  the  panel  configuration  resulted  in  less 
consistent  sealing  and  greater  sealant  damage,  particularly  in  those  oonflgura 
tlons  In  which  "fracture  prone"  sealant  materials  were  used. 

e  Backup  Sheet.  A  reinforced  neoprene  rubber  or  plastic  laminate  backup  sheet 
completes  the  panel  sandwich,  aids  in  the  energy  absorption  of  the  puncturing 
pellet,  and  minimizes  damage  and  loss  of  sealant  material  by  shock  wave 
reflection  phenomena  such  as  spalling. 

When  an  aluminum  backup  sheet  was  used,  petalUng  of  the  sheet  local  to  the 
pellet  exit  hole,  excessive  loss  of  material  by  spoiling  and  unsuccessful 
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sealing  resulted.  Figure  9  Illustrates  the  damage  sustained  by  both  metallic 
and  nomnetalllc  backup  sheets  after  being  punctured  by  a  1/8-inch  diameter 
steel  pellet. 

Bonding  Integrity,  It  was  found  that  best  results  were  obtained  when  the 
oomponentB  of  the  panel  were  bonded  together  with  the  same  material  as  the 
elastomer  used  In  the  honeycomb  core  cells.  Poor  bonding  at  the  Interfaces 
of  the  sealant  with  tho  core  cell  walla  or  facing  sheets  resulted  In  unbondlng 
of  these  components  from  the  sealants,  local  to  the  pellet  entry  path,  and 
unsuccessful  sealing. 

HYPERVELOCITY  PUNCTUHING  OP  ELASTOMERS 

The  mechanical  response  of  materials  to  hypervelocity  puncturing  Is  essentially  a  high 
speed  loading  or  high  strain  rate  phenomenon.  Elastomers,  In  general,  are  sensitive  to 
strain  rate  but  exhibit  the  desired  chRraeteristlcs  of  recovery  from  mechanical  deforma¬ 
tion  after  strains  of  100  percent  or  more. 

Based  on  observations  resulting  from  the  ballistic  testing  of  elastomer  type  structures, 
one  can  postulate  a  model  to  describe  the  dynamic  action  during  the  hyperveloolty 
puncturing  of  elastomers.  A  proposed  model  is  illustrated  In  Figure  10.  At  impact, 
as  illustrated  in  (A)  of  Figure  10,  initial  penetration  is  accompanied  by  exceedingly  high 
pressures  local  to  the  impact  point.  Next,  a  compression  wave  propagates  at  the  point 
of  impact  compressing  and  accelerating  tho  elastomer  to  make  room  for  the  penetrating 
pellet.  At  the  same  time,  a  compression  wave  backs  up  into  the  pellet,  at  a  velocity 
somewhat  higher  than  that  in  the  elastomer,  encouraging  early  pellet  fragmentation  and 
decelerating  it  so  that  It  moves  along  a  common  boundary  with  the  accelerating  elastomer. 
At  (B).  incipient  cracks  have  started  to  form  local  to  the  pellet  elastomer  interface,  while 
some  elastomer  material  has  been  ejected  outward  from  the  area  of  Impact.  .As  the 
pellet  begins  to  decelerate,  a  shock  wave  detaches  from  the  common  boundary  and  proceeds 
into  the  elastomer  ahead  of  the  penetrating  pellet.  At  (C) ,  as  the  volume  of  action  in¬ 
creases,  the  initial  high  pressures  drop  and  assist  the  further  breakup  of  the  pellet. 

Next,  cracks  begin  to  develop  in  the  elastomer  permitting  displacement  of  material  and 
passage  of  the  pellet.  As  the  compreosion  wave  encounters  the  rear  free  surface  of  the 
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0.a}l  INCH  ALUMINUM  (M24-13)  BACKUP  SHEET 
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SCALE 


V16-mCH  WIRE  REINFORCED  NEOPRENE  RUBBER  BACKUP  SHEET 

FIGURE  9  HTPERVELOCITY  PUNCTURING  DAMAGE  TO  THE  PELLET  EXIT 
FACE  OF  SELF-SEALING  PANELS 
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DIRECTION  OF  PENETRATION 


(RESTRAINED  aRCUMFERENTIALLYI 


DIRECTION  OF  COMPRESSION 
WAVE  PROPAGATION 


DIRECTION  OF  TENSION 
WAVE  PROPAGATION 


DIRECTION  OF  ELASTOMER 
RESPONSE  LOCAL  TO 
PELLET  ENTRY  PATH 


FIGURE  10  MODEL  FOR  THE  HYPERVELOCITY  PUNCTURING 
OF  ELASTOMERS 
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elastomer,  It  Is  reflected  back  into  the  material  as  a  tension  wave  at  which  time,  as 
bhowu  in  (D),  incipient  spalling  and  material  tear  out  is  initiated. 

At  (E),  the  tension  forces  (resulting  from  the  tension  wave)  with  the  assistance  of  the 
pellet  fragments  breaking  dirough  the  rear  face  of  the  elastomer.  Induce  spalling  and 
material  tear  out.  Af  <F),  the  pellet  has  completely  penetrated  the  elastomer  and  the 
material  local  to  the  pellet  entry  path,  now  relieved  of  its  preload  compressive  stresses 
(Initially  precompressed  by  the  dyniunlo  action  of  the  penetrating  pellet),  rebounds  to 
close  the  hole.  Residual  damage  to  the  elastomer  Includes  cratering  at  the  pellet  entry 
face,  minute  fractures  local  to  the  pellet  entry  path  and  spalling  plus  some  material 
tear  out  at  the  pellet  exit  face.  Depending  on  the  extent  and  type  of  pellet  fragmentation, 
some  material  loss  along  portions  of  the  pellet  entry  path  may  also  occur, 

ELASTOMER  MATERIAL  EVALUATION 

The  response  of  the  elastomer  sealant  to  both  the  statlo  and  dynamic  effects  of  the  natural 
and  Induced  environment  will  determine  their  self-sealing  effectiveness  when  used  In  a 
composite  configuration .  Based  on  essentially  static  and  environmental  considerations, 
the  following  material  parameters  are  considered  to  be  slgnlfloant: 

e  Cohesive  strength  (shear), 
e  Cured  state  of  elastomer. 

•  Resistance  to  degradation  by  the  material  environment,  e.  g. ,  radiation  and 
vacuum. 

s  Resistanco  to  degradation  by  the  induced  environment,  e.g. ,  pressure,  extreme 
temperature,  mechanical  loads,  contained  fluid  of  pressurized  compartment, 
s  Permeability  to  contained  Quid  of  pressurized  compartment, 
e  Odor  and  toxicity  of  degradation  products, 
e  Fire  resistance  and  burning  characteristics. 

In  addition,  results  from  the  hypervelocity  puncturing  of  slugs  of  various  candidate  sealant 
materials  (both  with  and  without  backup  sheets),  and  completed  panel  configurations,  plus 
a  rational  analysis  of  the  puncturing  action,  established  that  the  following  dynamic 
characteristics  were  required  for  effective  self-sealing. 
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•  Minlmtim  material  removal  local  to  the  pellet  entry  path  and  sealant  boundary 
Interfaces,  e.  g. ,  cratering  and  spalling. 

e  Minimum  crack  propagation  local  to  the  pellet  entry  path  and  sealant  bovmdary 
Interfaces. 

e  Minimum  radial  permanent  deformation  local  to  the  pellet  entry  path, 
e  Maximum  material  rebound  to  permit  pellet  entry  path  closure, 
e  Maximum  nondestructive  energy  absorption  and  dissipation. 

The  two  sealant  materials  (3Polyurethane  PR  1532  and  Polysulflde  PR  1221),  which  pro¬ 
duced  consistent  successful  panel  configurations,  came  the  closest  to  satisfying  all 
the  above  requirements.  The  less  successful  sealants  were  found  to  be  deficient  In  one 
or  more  of  these  requirements.  This  Is  dramatically  Illustrated  in  Figure  11  where  the 
hyperveloolty  puncturing  damage  to  a  successful  sealant  specimen  (Polysulflde  PR  1221) 
Is  compared  to  that  sustained  by  a  less  successful  specimen  (Silicone  DC  521).  It  Is 
interesting  to  note  that  the  "fracture  prone"  sealant  DC  521  propagates  many  cracks 
radially  from  the  pellet  entry  path  while  the  polysulflde  does  not.  The  backup  sheet  is 
seen  to  minimize  the  damage  to  the  pellet  exit  face  of  the  polysulflde.  However,  though 
the  silicone  specimen  sustained  less  material  removal  with  the  backup  sheet,  crack 
propagation  local  to  the  pellet  exit  area  was  still  extensive. 

As  part  of  the  elastomer  evaluation  program,  an  attempt  was  made  to  establish  a  corre¬ 
lation  between  the  material's  dynamic  oharaoteristioB  require  for  self-sealing,  and 
some  static  or  dynamic  material  property.  The  static  and  quasl-statlo  material 
properties  selected  for  possible  correlation  were; 

•  Hardness  (Durometer  A)  (Instantaneous  values). 

•  Hardness  change  between  instantaneous  and  equilibrium  values — an  index  of 
material  flow  under  stress. 

•  Shear  strength 

•  Tensile  modulus 

•  Secant  modulus  (tensile)  ratio — an  index  of  material  flow  under  stress 

•  Lupke  resiliency — an  Index  of  internal  energy  dissipation  at  low  strain  rates. 
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PEUET  EXIT  face  WITHOUT  BACKUP  SHEET 


5»LE 


FIGURE  n  HYPERVELOCITY  PUNCTURING  DAMAGE  TO  SEALANT  TEST  SPECIMENS 
WITHOUT  AND  WITH  NEOPRENE  BACKUP  SHEET 
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Standard  ASTM  procedures  were  used  in  determining  the  Durometer  hardness  and  tensile 
modulus  (except  that  a  strip  specimen  was  used  In  place  of  the  "dumbbell"  specimen). 

Both  Instantaneous  and  equilibrium  values  were  recorded  In  the  hardness  tests.  Two 
plate  tests  were  used  to  determine  shear  strength.  The  Lupke  resilience  tester  Is  a 
pendulum  tester  which  measures  energy  absorption  empirically  by  means  of  the  percent 
rebound  of  the  pendulum  striking  the  elastomer  target  (1  7/8-inch  diameter  X  5/8-lnch 
thick)  from  a  fixed  height. 

The  dynamic  material  properties  selected  for  correlation  were: 

s  Dynamic  Modulus  {ln-phase)"a  measure  of  elastic  material  response  at 
high  strain  rates. 

s  Dynamic  t/>ss  Factor — an  index  of  internal  energy  dissipation  at  high 
strain  rates. 

These  dynamic  material  properties  were  determined  by  exciting  a  sealant  specimen,  on 
an  electrodynamic  shaker,  with  a  sinusoidal  load  input  at  frequencies  up  to  2,000  cps. 

The  test  setup  and  pertinent  tost  parameters  are  illustrated  in  Figure  12.  Further 
details  on  this  test  procedure  and  method  of  analysis  may  be  found  in  Reference  4. 

EVALUATION  OF  TEST  RESULTS 

The  static  and  dynamic  (hypervelocity  puncturing  and  electrodynamic  shaker)  tests  were 
conducted  for  the  two  most  successful  sealants  and  some  others,  mostly  silicones,  which 
did  not  prove  as  successful.  Hypervolocity  puncturing  of  both  sealant  specimens  and  of 
panel  configurations  demonstrated  that  Polyurethane  PR  1632  and  Polysulflde  PR  1221 
sustained  the  minimum  impact  damage  and  gave  the  best  self- sealing  response  of  all 
materials  tested.  These  were  followed  by  the  silicones  In  the  following  order  of  in¬ 
creasing  Impact  damage:  RTV-20,  RTV-11,  DC  621,  and  RTV-80. 

A  relative  rating  of  those  static  and  dynamic  properties  which  demonstrated  a  correlation 
which  desired  dynamic  characteristics  for  effective  self-sealing  Is  given  in  Table  1. 
Based  upon  these  test  results  and  their  evaluation,  the  following  was  determined: 
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j,  •  OUTPUT  -  LOAD  TO  'FREE*  MASS  •  '9'  -  LOAD  INPUT  TO  SPECIMEN 

—  •  TRANSMISSIBILITY 
«1 

S  •  PHASE  ANGLE  BETWEEN  ,j  AND 

■<>  •  PHASE  ANGLE  BETWEEN  STRESS  (ff)  AND  STRAIN  (e) 

E'  -  IN-PHASE  MODULUS  WHERE  IS  THE  COMPONENT  OF  THE  STRESS 
IN  PHASE  WITH  THE  strain 

E’  •  OUT  OF  PHASE  MODULUS  -  WHERE  o'  IS  THE  COMPONENT  OF  THE  STRESS  90' 
OUT  OF  PHASE  WITH  THE  STRAIN 

L  ■  LOSS  FACTOR  ••p  -  TAN<p 

FIGURE  12  SHAKER  TEST  SET-UP  FOR  DETERMINING 
DYNAMIC  PROPERTIES  OF  SEALANTS 
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No  correlation  Is  Indicated  between  self-sealing  capability  of  the  elastomer 
sealants  tested  and 

0  Tensile  modulus  (at  low  strain  rates). 

0  Durometer  hardness. 

A  definite  correlation  exists  between  desired  dynamic  characteristics  for  effective  self- 
sealing  action  and  the  following  material  properties: 

0  Energy  absorption  and  dissipation  as  determined  by  the  Lupke  resiliency  and 
electrodynamic  shaker  tests. 

o  Stress  relaxation  or  material  flow  as  determined  by  the  Secant  modulus  ratio 
and  hardness  change, 

o  Dynamic  modulus  as  determined  by  the  clcctrodynamic  shaker  tests. 

o  Shear  strengtfi  as  determined  by  the  lap  shear  test. 

From  these  results  it  has  been  concluded  that  a  combination  of  simple  tests  such  as  the 
Lupke  resiliency,  lap  shear,  and  stress  relaxation  may  be  used  for  the  preliminary 
screening  of  candidate  sealant  materials  for  use  in  self-sealing  structures.  However, 
final  evaluation  should  be  determined  by  testing  at  high  strain  rates  by  such  methods  as 
the  eleotrodynamlo  shaker  tests  or  by  hypervelooity  puncturing  at  veloolties  approaching 
actual  service  conditions.  Results  obtained,  for  this  program,  from  tlie  hypervelocity 
puncturing  tests  at  veloolties  to  7000  fps  will  be  verified  at  an  outside  ballistic  facility 
at  veloolties  to  20,000  fps.  Since  7000  fps  is  above  the  minimum  velocity  required  for 
hypervelooity  puncturing  action  in  an  elastomer*  it  is  expected  that  the  ooncluslons 
arrived  at  from  our  initial  tests  will  remain  valid. 


*The  "hypervelooity  regime"  for  an  elastomer  is  considered  to  be  the  velocity  of  soimd 
in  the  elastomer  (6000-6000  fps)  or  higher. 
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#A  RATING  OF  1  INDICATES  THE  MATERIAL  POSSESSING  THE  HIGHEST  DESIRED  VALUE  OF  THE  INDICATED  PROPERTY;  A  RATING  OF  2.  THE 
SECOND  HIGHEST,  AND  ETC. 


The  final  evaluation,  following  the  hypervelocity  puncturing  of  completed  panel  configura¬ 
tions,  was  to  check  for  sealabillty  with  the  leak  detector  apparatus  illustrated  in 
Figure  13.  The  pressure  in  the  air  chamber  with  the  panel  attached  to  the  open  end  is 
initially  at  14. 7  pal  at  the  start  of  data  recording.  The  flow  rate  through  the  puncture 
la  then  determined  from  the  pressure  decay  vs.  time  data  obtained  as  the  chamber  air 
escapes  through  the  puncture  into  the  vacuum  flask. 

The  air  leakage  rates  (with  a  driving  pressure  of  14. 7  psi  across  the  puncture)  for  some 
of  our  more  successful  panel  configuration,  have  varied  from  aero  leakage  to  1.4  pounds 
per  day.  This  compares  with  an  optlmistio  (minimum)  leakage  rate  of  260  pounds  per 
day  for  an  assumed  1/8-inoh  diameter  puncture  resulting  from  impacts  by  l/8>inoh  dia¬ 
meter  projectiles  to  either  single  thickness  skins  or  the  inner  shell  of  a  spaced  structure. 
The  actual  puncture  size  and  leakage  rates  in  these  Instances  will  be  greater  than  the 
figure  indicated,  due  to  the  fact  that  the  'ole  size  in  a  punctured  sheet  Is  always  greater 
than  the  projectile  diameter  and  the  possibiUty  of  leak  provoking  fractures  local  to  the 
hole.  Therefore,  even  for  those  panel  configurations  that  did  not  completely  seal,  a 
decided  advantage  over  the  non- self-sealing  type  of  structure  is  indicated. 

The  panel  weights  for  the  configurations  tested  varied  from  1.7  to  2.0  Ibs/ft  .  Ho  serious 
attempt  at  reducing  the  weight  of  these  panels  has  been  made  at  this  time.  However, 
the  panel  and  elastomer  depth  required  for  effective  eeallng  is  a  function  of  the  puncturing 
projectile  diameter.  Therefore,  it  is  reasonable  to  assume  that  thitmer  and  lower  weight 
panel  configurations  would  prove  as  effective  in  a  realistic  meteoroid  environment  where 
the  meteoroids  with  the  highest  probability  of  impacting  a  space  vehicle  are  smaller  in 
diameter  than  the  pellets  used  in  our  hypervelocity  tests. 

In  conclusion,  it  should  be  added  that  the  more  promising  chemical  self-sealing  panel 
concepts  currently  under  development,  are  initially  demonstrating  greater  consistency 
in  completely  sealing  upon  being  punctured  than  the  Honeycomb-Core-Elastomer 
configurations.  Therefore,  successful  development  of  these  concepts  should  further 
enhance  the  cause  of  the  self-sealing  structure  philosophy  as  a  promising  technique 
for  minimizing  air  leakage  due  to  meteoroid  induced  punctures. 
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OF  HYPER  VELOCITY  PROJECTILES  INTO 
COMPOSITE  LAMINATES* 

by 

A.  R.  McMillan 


ABSTRACT 


This  paper  will  describe  the  results  of  an  experimental  research 
program  aimed  at  determining  the  damage  that  would  be  inflicted  upon  a 
composite  laminated  target  by  the  impact  of  a  hypervelocity  projectile. 

The  experimental  program  was  conducted  on  the  Ballistics  Range 
facilities  of  the  CM  Defense  Research  Laboratories  in  Santa  Barbara. 
California.  Targets  were  impacted  under  simulated  operating  conditions 
at  velocities  up  to  26,000  feet  per  second  with  glass  and  aluminum  pro¬ 
jectiles  weighing  from  0.015  to  0.03  grams.  In  the  experiments  such 
target  design  variables  as  thickness,  material  composition,  and  temper¬ 
ature  were  considered. 

The  aim  of  the  research  program  was  to  obtain  data  related  to 
broad  concepts  of  design  showing  the  damage  sustained  by  generic  complex 
targets  under  impact  conditions  typical  of  an  operating  environment. 
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INTRODUCTION 


Within  the  past  two  years,  the  techniques  for  projection  of  hyper- 

velocity  projectiles  and  for  observation  of  the  effects  of  impact  have  been 

(1  2) 

considerably  improved  ’  .  The  projectile  capabilities  that  have  been 

achieved  cover  the  entire  range  of  mass  of  primary  concern  In  space 
travel,  and  the  velocities  extend  well  into  the  lower  portion  of  the  range 
of  interest,  A  physical  description  of  the  mechanism  of  crater  formation 
in  simple  targets  under  hypcrvelocity  impact  is  now  possible,  and  the 
model  that  has  been  evolved  from  the  combined  theoretical  and  experi¬ 
mental  studies  by  many  researchers  has  been  illustrated  schematically 

in  Reference  1.  Several  attempts  have  been  made  to  develop  a  complete 

(3,4,5) 

theory  to  describe  hypervelocity  impact'  ’  ’  :  however,  these  approaches 

have  limitations  in  that  they  treat  relatively  simple  structures. 

Very  little  information  is  available  to  the  designer  on  the  damage 
that  might  be  inflicted  upon  a  complex  structure  by  a  hypervelocity  impact. 
In  consideration  of  this  problem,  a  two-fold  experimental  research  pro¬ 
gram  was  initiated  to;  (a)  assess  the  impact  damage  by  a  hypervelocity 
fragment  against  a  variety  of  space  vehicle  designs  under  simulated 
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operating  conditions  and  (b)  to  assess  the  damage  caused  by  a  fragment 
which  would  perforate  the  shell  or  which  would  eject  small  particles  of 
debris  from  the  rear  of  the  target.  In  these  cases,  the  target  could  then 
be  treated  as  a  thin  target  in  the  analysis  of  the  effects  of  hypervelocity 
impact^^^.  Because  of  the  paucity  of  information  regarding  impact  damage 
to  a  complex  structure,  the  test  variables  included  the  velocity,  size,  and 
material  of  the  impacting  projectile,  selected  target  materials  such  as 
aluminum,  copper,  polyethylene,  and  columblum,  as  well  as  the  structural 
d'Ssign  and  environment  in  which  the  materials  are  being  used. 

EXPERIMENTAL  TECHNIQUES 


Description  of  Range  and  Monitoring  Instrumentation 

All  of  the  tests  to  date  were  conducted  on  a  ballistics  range,  which 

(7) 

is  fully  described  in  CM  DRL  Report  ER  62-201A'  .  The  basic  equip¬ 
ment  consists  of  a  gun,  a  20  foot  free -flight  range,  and  an  impact  chamber. 
The  0.22"  caliber  accelerated -reservoir  light-gas  gun  is  shown  in  Figure  1 
With  the  accelerated-reservoir  light-gas  gun,  it  is  possible  to  launch 
cylindrical  plastic  models  to  velocities  of  10  km/sec,  or  saboted  metal 
or  glass  spheres  to  velocities  of  8.  6  km/sec.  The  projectile  is  launched 
into  the  flight  range  and  travels  through  a  surge  chamber  (in  which  the 
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model  in  separated  from  the  sabot)  then  into  the  velocity  chamber. 

Here,  the  position  and  time  of  flight  of  the  projectile  are  recorded  at 
each  of  three  spark  shadowgraph  stations  (Figure  2).  The  measurements 
of  time  and  distance  between  stations  serve  to  determine  the  velocity  of 
the  projectile  along  its  trajectory  and,  in  particular,  at  the  target.  The 
accuracy  of  the  impact  velocity  determined  in  this  manner  is  better  than 
1%.  The  model  flight  is  terminated  in  a  specially-constructed  Impact 
chamber  (Figure  3)  which  has  several  viewing  ports.  Three  large 
windows  are  located  in  opposite  sides  of  the  target  area,  and  many 
smaller  windows  are  located  on  the  front  and  top  of  the  chamber.  The 
full-size  door  acta  as  the  rear  wall  of  the  chamber  to  allow  easy  insertion 


and  removal  of  the  targets.  The  targets  are  held  by  a  mount  sitting  on 
two  rails  on  the  floor  of  the  chamber.  This  design  allows  placement  of 
the  target  at  a  uniform  longitudinal  position  with  respect  to  the  viewing 
ports.  The  target  chamber  has  provisions  for  heating  targets  and  con¬ 
trolling  the  test  medium.  The  range  is  also  equipped  with  an  air  scrubber 
to  allow  impact  of  toxic  materials.  A  Beckman  St  Whitley  Model  192 
framing  camera  capable  of  framing  rates  of  1.4  million  frames  per 
second,  and  four  channels  of  flash  x-ray  are  available  for  diagnostic 
experiments  related  to  tlie  impact  phenomena. 
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Target  Preparation  and  PamaRe  AasesBrnent 

The  assessment  of  target  damage  to  any  target  is  complex  and 
requires  precise  definition.  Prior  to  testing  any  of  the  targets,  each 
target  was  classified  according  to  both  material  properties  and  by  exam¬ 
ination  of  the  condition  of  the  material.  Since  some  of  the  tests  were 
aimed  at  simulating  actual  operating  conditions,  many  targets  were 
annealed  for  eight  hours  at  the  test  temperature  of  700'^F.  This  pre¬ 
treatment  procedure  was  significant  in  that  the  aluminum  targets  undergo 
a  phase  change  at  700®F  after  several  hours  anneal,  resulting  in  reducing 
the  Brinell  Hardness  Number  from  a  nominal  52  to  a  value  to  36  at  room 
temperature.  The  BHN  is  used  here  as  a  measure  of  the  strength  of 
the  material;  hence,  the  lower  the  BHN,  the  more  damage  is  caused  on 
impac'.t^^ '  Following  the  shot,  the  targets  were  cooled  to  room  temper¬ 
ature  and  the  damage  assessed. 

EXPERIMENTAL  OBSERVATIONS 

The  possible  number  of  laminated  structures  which  could  be  used 
in  a  vehicle  hull  is  almost  unlimited;  hence,  it  is  not  feasible  to  explore, 
experimentally,  more  than  the  generic  combinations  of  materials.  To 
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evaluate  the  impact  effects  on  laminated  structures,  it  it  necessary  to 
have  a  basis  of  comparison.  To  provide  this  basis  of  comparison,  a 
series  of  tests  was  performed  to  determine  the  effects  of  varying  the 
thickness  of  a  simple  target,  Figure  4.  The  thickness  of  a  group  of 
2024-T3  aluminum  targets  was  varied  from  0.005"  to  semi -infinite. 
Aluminum  projectiles  of  1/8"  diamater  were  fired  at  an  average  velocity 
of  7.  4  kilometers  per.  second  with  variation  in  actual  velocities  of  not 
more  than  2%.  For  the  thick  targets,  a  typical  hemispherical  crater 
was  formed.  As  the  thickness  of  the  target  was  reduced,  the  succeeding 
targets  first  exhibited  fracturing  and  bubbling  then  spall  due  to  the  intense 
pressure  pulse  beneath  the  actual  crater.  As  the  thickness  was  further 
reduced,  the  target  was  completely  perforated.  This  series  of  tests  made 
possible  the  evaluation  of  the  constants  in  the  equation 

T  =aP^  .  (1) 

where 

T  =  the  thickness  of  target  required  to  prevent  perforation 
or  spall 

^eo  ~  penetration  in  a  semi-infinite  target 

a  =  constant  (for  particular  conditions  of  impact  velocity, 
target  material  and  projectile  material) 
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Perforation  occurred  for  thicknesses  of  0.456"  or  1.78  Po^  • 

Spall  occurred  for  thicknesses  up  to  0.  50"  or  1.95  P^  .  Spall  was  here 
defined  as  complete  detachment  of  a  portion  of  the  rear  face  of  the  target. 
In  thicknesses  up  to  0.  584"  or  2.  28  the  rear  face  of  the  target  was 
still  bubbled  and  fractured  below  the  surface,  although  no  metal  was  de¬ 
tached  from  the  target.  The  results  of  these  tests  are  shown  in  Figure  5, 
a  comparison  of  penetration  versus  thickness  of  the  target.  The  thickness 
required  to  prevent  perforation,  >  1.  78  Poo  ,  and  the  thickness  required 
to  prevent  spall,  >  1.95  Poo  .  are  greater  for  this  target-projectile  com¬ 
bination  than  estimated  in  References  1  and  3. 

A  series  of  tests  was  also  performed  to  establish  the  effect  of  tar¬ 
get  shape  on  penetration  and  spall.  Class  projectiles  3/32"  diameter 
(0.  016  grams)  were  impacted  at  7.  5  kilometers  per  second  on  targets 
where  the  shape  was  varied  from  a  flat  plate  to  a  small  hollow  cylinder. 
The  wall  thickness  of  each  shape  was  held  constant.  Figure  6,  a  plot  of 
penetration  versus  the  reciprocal  of  inside  diameter,  shows  the  strong 
effect  of  shape  on  penetration.  The  flat  plate  was  completely  perforated 
and  the  large  diameter  tube  spalled  on  the  inside,  while  the  smaller  tabes 
showed  only  dimpling  on  the  inside  surface. 
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Since  internal  spall  can  be  extremely  lethal  even  in  the  absence 
of  complete  penetration,  several  experiments  were  conducted  to  investi¬ 
gate  techniques  of  preventing  spall  by  using  properly  selected  naaterials. 

One  of  the  important  parameters  to  be  considered  is  the  acoustic  resis¬ 
tance  G  =  where  is  the  density  of  the  target  materials  and  C  is 

the  shock  wave  velocity  in  the  target  under  the  conditions  encountered. 

By  mismatching  the  acoustic  resistances  of  a  laminate,  the  shockwave 
can  be  divided  with  a  portion  of  the  energy  being,  reflected  back  into  the 
first  layer  of  the  laminate  and  the  remainder  being  transmitted  into  the 
second  layer.  In  this  manner,  it  is  possible  to  break  up  and  attenuate 
the  shock  wave  in  a  laminate  and  avoid  spall  that  would  occur  in  an  equal 
weight  homogeneous  structure^®^. 

To  examine  the  effect  that  a  laminate  can  have  on  penetration  and 
spall,  a  variety  of  laminates  were  impacted  under  the  same  conditions  as 
the  0,  50"  2024-T3  aluminum  target  (Figure  4).  Figures  7  and  8  show  the 
results  of  replacing  a  simple  target  by  a  laminate.  Two  copper -aluminum 
laminates  of  the  same  weight  per  unit  area  as  the  0.  50"  2024-T3  plate 
were  impacted.  With  .040"  of  copper  bonded  to  the  rear  face  of  the  aluminum, 
the  aluminum  was  not  spalled  or  perforated.  However,  the  copper  was 
detached,  split  open  and  spalled.  Reversing  this  laminate  and  placing  the 


317 


PEr^TRATioN  mto  COMPOSITE  LaminatIs 

copper  on  the  front  face  of  the  aluminum,  the  result  of  the  Impact  was 
similar  to  that  obtained  with  the  simple  aluminum  target  except  that 
the  total  penetration  was  greater.  The  copper  was  detached  from  the 
aluminum  and  the  rear  face  of  the  aluminum  spalled. 

The  0.  50"  aluminum  target  was  then  replaced  by  an  aluminum- 
polyethylene  laminate  of  the  same  weight  per  unit  area.  In  this  case, 
the  aluminum  was  perforated,  yet  the  0,  130"  of  polyethylene  on  the 
rear  face  was  only  bent  with  no  perforation  or  spall. 

Finally  a  target  was  tested  in  which  the  thickness  of  the  polyethylene 
was  increased  to  0.  255"  and  the  thickness  of  aluminum  decreased  to  0.  331" 
(thus  reducing  weight  and  maintaining  the  same  over -all  thickness).  This 
target  represents  81%  of  the  weight  per  unit  area  of  the  0.  50"  2024-T3 
target  and  the  other  laminates.  In  this  case,  the  aluminum  was  perforated 
and  a  portion  of  the  spall  from  the  aluminum  penetrated  the  polyethylene 
and  lodged  in  it.  This  represents  a  marginal  situation  or  the  "ballistic 
limit"  for  this  projectile  and  velocity,  wherein  an  increase  in  the  thick¬ 
ness  of  the  aluminum  would  effect  a  defeat  of  the  projectile  (or  conversely, 
an  increase  in  projectile  energy  would  defeat  the  target). 
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Reference  is  again  xnade  to  Figure  8,  showing  a  plot  of  penetration 
versus  weight  per  unit  are&  of  target.  The  penetration  into  the  aluminum- 
copper  laminate  is  about  the  same  as  that  into  the  simple  aluminum  plate, 
while  the  penetration  into  the  aluminum  -polyethylene  laminate  was  the 
greatest,  there  was  no  damage  to  the  rear  surface.  Although  the  al-poly 
laminate  is  amenable  to  a  space  vehicle  hull,  the  ballistic  limit  shown  for 
the  aluminum -polyethylene  laminate  in  Figure  7  is  of  no  use  to  the  radiator 
designer,  who,  because  of  temperature  considerations,  cannot  use  the 
heat  sensitive  polyethylene  liner. 

One  concept  of  a  radiator  structure  proposed  uses  both  a.  laminate 
and  a  cylindrical  shape  to  afford  protection  against  damage  that  might  be 
inflicted  by  a  meteoroid  impact.  To  permit  high  temperature  operation, 
the  laminate  consists  of  a  cast  356  aluminum  armor  (0.  400"  thick)  covering 
a  Haynes  Stellite  #25  cobalt  alloy  liner  (0,020"  thick).  The  crater  shown 
in  Figure  9  was  caused  by  a  1/B"  diameter  glass  sphere  (0.038  grams) 
impacting  at  7.01  km/sec.  The  crater  (0. 3"  deep)  did  not  perforate 
the  coolant  carrying  tube;  yet,  the  intense  shock  induced  beneath 
the  crater  caused  the  liner  tube  to  be  dimpled,  thus  constricting  the  I.  D. 
of  the  tube.  This  particular  shot  was  fired  at  room  temperature,  hence 
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the  aluminum  armor  behaved  in  a  Bemi*brittle  fashion  evidenced  by  the 
brittle  spallation  around  the  periphery  of  the  crater.  This  phenomena 
will  later  be  compared  to  that  obtained  with  the  target  at  an  operating 
temperature  of  700°F. 

Note  the  complex  nature  of  defining  the  extent  of  damage  to  this 
laminated  target.  The  target  itself  offers  many  variables;  size,  com-t 
position,  condition  at  time  of  impact  and  shape.  The  size,  shape, 
composition  and  impact  velocity  of  the  projectile  are  further  variables. 
To  test  the  effect  of  these  design  variables,  a  number  of  qualitative 
comparisons  have  been  made,  and  are  shown  in  Figures  10  through  17, 
On  each  of  the  Figures,  the  average  projectile  velocity  is  shown  for 
brevity.  The  actual  measured  velocity  did  not  vary  from  this  average 
velocity  by  more  than  +  2%.  These  comparisons  of  the  experimental 
variables  will  be  numerically  assessed  later  in  Table  I. 

First,  consider  the  mass  scaling  effects  by  comparing  the  damage 
caused  by  impact  of  two  glass  sphere  projectiles,  one  3/32"  diamater, 
the  second  1/8"  diameter,  each  impacting  an  aluminum-armored  HS-25 
radiator  at  a  velocity  of  7. 1  km/sec  (Figure  10).  These  projectiles 
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w^igh  0.016  and  0.040  grams  respectively  and.  therefore;  fell  Into  the 

(91 

meteoroid  maa a -frequency  distribution  area  of  interest  for  radiators  . 
The  target  was  at  an  environmental  operating  temperature  of  715^F.  It 
can  be  seen  in  Figure  10  that  this  radiator  target  provided  an  assessment 
of  the  marginal  protection  afforded  by  this  configuration.  The  1/8"  glass 
sphere  perforated  the  aluminum  armor  and  the  HS-25  liner  tube,  while 
the  3/32"  glass  sphere  did  not  perforate  the  armor,  but  merely  caused 
dimpling  of  the  inner  liner.  Hence,  under  these  conditions  of  target 
temperature  and  projectile  impact  velocity,  the  ballistic  limit  of  this 
configuration  can  be  defined  as  a  projectile  mass  between  0.016  to  0.04 
grams. 

Although  it  was  shown  in  Reference  1  that  by  increasing  the  target 
temperature  one  could  achieve  greater  damage  to  a  simple  metal  target, 
it  was  not  known  how  the  increased  temperature  would  affect  a  composite 
such  as  those  selected  for  these  tests.  Therefore,  1/6"  glass  spheres 
were  fired  at  a  velocity  of  7.  1  km/sec  into  each  of  two  targets,  one  at 
room  temperature,  the  other  at  700®F  (Figure  11).  In  both  cases,  the 
radiator  complex  was  perforated.  In  the  case  of  the  target  at  room 
temperature,  however,  the  perforation  was  marginal  in  comparison  to 
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the  target  at  700°F  which  was  severely  damaged  with  a  1/4"  hole  having 
been  punched  through  the  HS-25  liner.  In  addition,  the  target  at  room 
temperature  exhibited  evidence  of  brittle  spalling  around  the  periphery 
of  the  crater  indicative  of  the  greater  hardness  of  the  material.  The 
increased  damage  of  a  target,  resulting  from  the  lower  strength  at 
higher  temperatures,  has  been  accounted  for  in  some  empirical  relation¬ 
ships  describing  hypervelocity  cratering. 

The  next  variable  known  to  seriously  affect  the  damage  sustained 
by  a  target  under  hypervelocity  impact  is  that  of  the  attacking  angle  of 
the  projectile  to  the  target.  In  Figure  10  the  results  of  a  3/32"  glass 
sphere  impacting  normal  to  the  radiator  target  were  shown.  Figure  12 
compares  the  damage  sustained  to  the  radiator  by  3/32"  glass  spheres 
impacting  at  angles  of  15°  and  68°  from  the  normal  (note  that  the  photo¬ 
graphs  were  taken  normal  to  the  I'esultant  crater). 

Several  important  results  should  be  pointed  out.  First,  both  of 
the  craters  are  approximately  hemispherical,  thus  assuring  that  the 
impacts  were  typical  of  the  hypervelocity  impact  regime.  Secondly, 
the  depths  of  penetration  (and,  of  course,  the  resulting  crater  volumes) 
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decrease  as  the  angle  of  attack  increases.  These  results  are  in  agree¬ 
ment  with  several  other  investigations^^’  ^  and  can  be  accounted  for 
empirically  by  measuring  the  energy  of  the  attacking  prgjectile  in  terms 
of  its  normal  component  of  velocity.  Hence,  as  the  angle  of  obliquity  is 
increased,  the  normal  component  of  energy  of  the  projectile  diminishes 
with  the  cosine  of  the  angle  of  attack.  So  long  as  the  minimum  normal 
velocity  of  the  projectile  does  not  fall  below  that  required  for  hypervelocity 
cratering,  the  resultant  crater  will,  in  general,  be  a  hemisphere,  although 
much  reduced  in  vohmie. 

This  phenomena  of  reduced  penetration  under  oblique  impact  was 
also  observed  for  columbium  radiator  targets  (Figure  13).  Colurnbium 
is  of  particular  interest  to  the  space  radiator  designer  because  of  its 
high  strength  properties  at  very  high  temperatures.  Since  columbium 
has  a  melting  point  of  4474®F  (ASM  Metals  Handbook,  8th  Ed. ),  it  is  of 
particular  interest  for  use  in  advanced  radiator  systems  having  operating 
temperatures  near  2000°F. 

One  serious  drawback  against  the  use  of  columbium  in  a  space 
radiator  is  the  density  of  the  material,  8.  57  grams  per  cc.  compared  to 
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aluminum,  2.7  grams  per  cc.  The  designer  must,  therefore,  consider 
the  protection  afforded  by  a  radiator  complex  of  equal  weight  per  unit 
length.  This  comparison  is  made  in  Figure  14,  showing  the  protection 
afforded  by  an  all-columbium  radiator  versus  that  afforded  by  the 
aluminum -armored  HS-25  lined  radiator  tube.  Note  that  the  all-columbium 
radiator  was  perforated,  while  the  aluminum  -  HS-25  structure  was  not. 

Obviously,  it  would  be  possible  to  use  an  all-columbium  system 
and  prevent  damage  to  the  internal  fluid  by  increasing  the  thickness  and 
thus  the  "ballistic  limit"  of  the  radiator  tube  (Figure  15).  Two  choices 
are  then  left  to  the  designer:  First,  by  increasing  the  wall  thickness  of 
the  material  one  can  prevent  perforation  as  shown  in  Figure  15,  In  order 
to  hold  this  increase  in  weight  to  a  minimum,  however,  the  second 
variable,  the  I.  D.  of  the  tube,  was  diminished  to  1/4  that  of  the  colum- 
bium  tube  shown  in  Figure  14.  The  results  of  Figure  15  thus  Indicate 
the  effects  of  two  variables;  first,  the  thickness  of  the  armor,  and  secondly, 
the  benefit  to  be  derived  by  decreasing  the  tube  I,  D. 

Not  only  has  it  been  observed  that  by  decreasing  the  I.  D.  of  the 
coolant-carrying  tube  one  can  prevent  spalling  or  perforation  into  the 
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inner  tube,  but  also  it  has  been  found  that  a  ductile,  yet  tough,  inner 
liner  will  prevent  spallation  of  metal  into  the  coolant -carrying  tube. 

Obviously  a  perforation  will  permit  the  cooling  fluid  to  leak  from  the 
radiator.  Spallation  of  metal  particles  is  certainly  a  more  subtle  damage 
than  a  complete  perforation,  yet  In  many  cases  could  be  equally  devaatatlng^^^^. 
Metal  particles  in  the  fluid  could  cause  damage  and  failure  of  the  liquid 
circulating  pumps. 

Recalling  the  beneficial  effects  of  a  polyethylene  liner  {Figure  7), 
the  comparable  effects  of  an  inner  liner  in  a  radiator  which  must  withstand 
700^F'  can  bo  soon  in  Figures  16  and  17.  Tn  Figure  16,  one  target  was  lined 
with  Haynes  Alloy  No.  25  liner;  the  second  target  had  no  liner,  but 
the  aluminum  armor  was  made  thicker,  thus  keeping  the  weight 
constant.  The  inner  HS-25  liner,  although  severely  dimpled,  pre¬ 
vented  spalling  of  metal  into  the  coolant-carrying  tube.  In  Figure  17, 
the  effects  of  an  inner  tube  arc  shown  in  close-up  photographs; 
first,  for  the  case  of  an  ali-columbium  tube  without  a  liner  in  which 
severe  spalling  occurred;  and  secondly,  for  the  case  of  the  aluminum- 
armor  H5-2S  tube  radiator  complex  in  which  no  spalling,  just 
dimpling  of  the  inner  wall,  occurred.  Again,  it  should  be  noted  that 
this  comparison  is  made  for  approximately  equal  weight  per  unit  length  of 
radiators.  Note  also  that  the  aluminum  H5-25  radiator  complex  did  not 
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6pa.ll,  even  though  it  had  been  struck  by  a  1/6"  glass  sphere.  It  can  be 
concluded,  therefore,  that  a  tough  inner  liner  is  of  utmost  importance 
in  preventing  spall  particles  from  being  ejected  into  the  coolant-carrying 
fluid.  Sections  of  the  crater  made  after  impact  are  shown  later  in  Figure 
18  and  clearly  depict  the  manner  in  which  the  HS-25  liner  restricts  the 
breaking  away  or  flaking  of  the  spalled  particles. 

ASSESSMENT  OF  DAMAGE  TO  RADIATOR  TARGETS 

The  complexity  of  the  target  and  the  many  types  of  damage  Uiat  can 
be  effected  on  the  complex  target  prevent  a  brief  evaluation  of  the  damage 
by  simply  stating  the  depth  of  penetration  or  the  diameter  of  the  crater 
that  has  been  made.  It  was  seen  in  Figures  10-17  that  the  many  projectile 
and  target  variables  each  act  in  its  own  significant  way  to  establish  the 
final  damage  to  the  target.  Such  parameters  as  the  target  temperature, 
angle  of  attack,  target  material,  thickness  of  the  armor,  effects  of  the 
armor  on  the  inner  liner,  and  the  target  shape  itself,  all  contribute  to 
the  final  damage  to  the  target.  It  is  not  sufficient,  therefore,  to 
merely  observe  the  crater  and  to  measure  the  depth  of  penetration, 
since  in  many  cases  spalling  has  been  caused  under  the  crater  and 
particles  have  been  ejected  from  the  rear  of  the  target.  On  the  other 
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hand,  it  was  observed  in  many  cases  that  the  tough  HS-25  liner  used  in 
some  of  the  radiator  targets  could  be  dimpled  just  as  the  polyethylene 
was  seen  to  do  in  Figure  7.  IDimpling  can  completely  constrict  the 
tube,  thus  preventing  fluid  flow,  yet  the  target  would  not  be  perforated, 
nor  would  any  fragments  be  ejected  into  the  internal  tube.  It  was  sus¬ 
pected,  however,  that  when  the  HS-25  tube  was  badly  dimpled,  delaminating 
would  take  place  betwe^en  the  HS-25  tube  and  the  aluminum  armor,  thereby 
reducing  the  heat  transfer  properties  of  the  radiator  section. 

It  was  necessary,  therefore,  to  section  each  and  all  of  the  targets 
after  impact  in  order  to  examine  and  to  assess  the  details  of  the  damage 
that  had  been  effected.  A  typical  impact  crater  section  of  an  aluminum 
radiator  target  with  an  HS-25  liner  is  shown  in  Figure  18.  Here,  the 
spalling  of  the  armor  material  beneath  the  crater  itself  can  be  clearly 
seen, in  addition  to  the  dimpled  HS-25  liner  and  the  delaminating  that  has 
occurred  between  the  liner  and  the  armor.  Of  a  much  more  subtle  nature 
is  the  delaminating  that  has  occurred  at  a  distance  far  removed  from  the 
dimpled  section  itself.  A  close-up  view  of  points  A  and  B  in  Figure  18 
can  be  seen  in  Figure  19.  Here  at  a  magnification  of  120X  and  300X, 
respectively,  the  crater  section  at  points  A  and  B  can  be  seen  in  detail. 

At  point  A,  severe  delaminating  has  occurred  due  to  the  fact  that  the  liner 


327 


PENETRATION  INTO  COMPOSITE  LAMINATES 


was  pulled  away  from  the  armor,  and  the  bonding  material  failed.  Section 
B  shows  another  interesting  observation.  Here,  it  is  believed  that  some 
delaminating  Is  not  associated  with  the  formation  of  the  crater,  but  rather, 
a  failure  of  the  bond  during  fabrication  of  the  radiator  section.  The 
different  coefficients  of  expansion  of  aluminum  and  HS*2D  no  doubt  resulted 
In  a  poor  bond,  since  this  effect  was  observed  to  some  degree  in  all  of  the 
target  sections  prior  to  conducting  tho  impact  experiments. 

COMPARISON  OF  EXPERIMENTAL  OBSERVATIONS 
WITH  ESTABLISHED  EMPIRICAL  RELATIONSHIPS 

It  was  pointed  out  early  in  the  report  that  there  docs  not  exist  any 
detailed  mathematical  formulation  by  which  to  predict  the  damage  by  a 
hyporvolocity  fragment  complex  target.  The  thoorctical  approaches  of 
Bjork,  Rincyi  Kirchner  and  others  have  made  significant  advances  in  Uic 
analytical  approach;  however,  the  treatments  do  not  account  in  detail  for 
the  effects  of  increased  target  temperature,  effect  of  variations  in  the 
alloy  of  the  target,  impacts  at  angles  of  obliquity,  and  the  spalling  and 
delaminating  of  thin  and  composite  targets.  A  number  of  empirical 
relationships  have  been  offered  in  the  literature  which  do  permit  at  least 
an  approximation  of  the  damage  which  might  occur  under  limited  conditions. 
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Two  such  empirical  relationshipB  that  appear  to  hold  under  a  wide  variety 
of  Impact  conditions,  and  which  allow  for  the  effects  of  target  temperature 
and  the  angle  of  projectile  impact,  were  given  by  Eichelberger  and 
Gehrlng^^^  and  by  Charters  and  Summers^^^\ 

Rewriting  those  two  relationships  we  have  the  forms: 

From  Reference  1 


-9  ^ 

12x10  »  cob‘( 


,1/3 


2  W 


d 

P 


and  from  Reference  11 


(cgB  units)  --  (2) 


where 


(3) 


P  =  depth  of  penetration 
E  =  energy  of  projectile 

B  =  Brine  11  Hardness  No.  (varying  with  target  temp. ) 
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angle  of  impact  (measured  from  the  normal) 
projectile  density 
target  density 
projectile  velocity 
velocity  of  sound  in  target 
diameter  of  projectile 

Regarding  the  use  of  these  two  relationships,  two  comments  are 

made:  (a)  Eichelberger  and  Gehring's  Equation  (2)  was  derived  from 

-9  3 

the  relationship  V  -  4  x  10  E/B,  where  V  is  crater  volume  in  cm  , 

E  is  projectile  kinetic  energy  in  ergs,  and  D  is  target  hardness  in 

standard  BHN.  This  latter  relationship  applies  to  meteoroid  impact 

conditions,  where  velocities  can  be  expected  to  be  in  the  range  of  10  to 

70  km/sec.  Hence,  Equation  (1)  is  subject  to  the  same  conditions.  At 

lower  impact  velocities,  a  factor  T  is  added  to  the  relationship:  T  being 

of  the  primary  penetration  phase  of  crater  formation.  This  factor,  T, 

is  proportional  to  (  ^  /  ^  )  ,  and  is  independent  of  velocity.  There- 

fore,  as  velocity  increases  and  the  contribution  of  projectile  energy  is 

increased,  the  contribution  of  T  to  the  total  penetration  becomes  negligible. 
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(b]  Charters  and  Suimners  in  a  paper  following  Reference  11 
(See  Reference  12)  use  a  combination  of  Equation  (3)  and  a  simple  model 
of  the  impact  process  to  derive  another  damage  formula.  This  equation 
shifts  the  emphasis  from  the  speed  of  sound  to  the  strength  of  the  target 
material  and  is  given  by 


where's^  is  assumed  to  be  a  constant  deformation  strength  of  the  target 
material.  Unfortunately,  the  values  of  S^  are  not  well  known  for  con¬ 
ditions  relevant  to  hypervelocity  impact.  However,  Charters  and  Summers 
suggest  that  an  impact  experiment  be  conducted  and,  from  Equation  (4) 
and  the  measured  crater  depth,  a  value  of  be  derived.  This  value 
can  then  be  used  to  predict  damage  in  the  same  target  material  but  for 
a  variety  of  impact  conditions. 

Referring  again  to  Equations  (2)  and  (3),  the  numerical  values  of 
the  predicted  depths  of  penetration  were  calculated  for  several  typical 
targets  and  the  resulting  values  are  tabulated  in  Table  I.  The  relationships 
of  Equations  (2)  and  (3)  predict  depths  of  penetration  in  semi-infinite 
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targets  but  do  not  provide  predictions  for  the  penetration  into  thin 
targets  or  laminates.  A  comparison  of  the  predicted  penetrations  in 
2024-T3  aluminum  with  the  actual  penetrations  shows  a  reasonable 
approximation  to  the  measured  value  in  the  case  of  the  0.  SO"  target. 

The  0.456"  target  which  was  perforated  shows  a  much  greater  penetra¬ 
tion  than  predicted  {Figure  4).  In  both  caeca  spall  occurred,  hut  could 
not  be  predicted  on  the  basis  of  the  simple  predictions  without  a  knowl¬ 
edge  of  the  constant  "a"  In  Kquatlon  (1). 

T!u*  evaluation  of  cqui-proteclion  h<  homcK  is  of  ulinusl  impurlance 
to  the  dcuign  engineer*  who  luublaluo  cunHuU'r  thi;  pruhletiis  of  labri- 
catlon,  structural  design,  and.  in  the  case  of  radiator  dosign,  thermal 
properties^  \  In  comparing  the  effects  of  varying  target  IcmpcraturcH 
and  of  varying  angle  of  Impact,  the  corrections  allowed  in  lie 
liquations  (2)  and  (3)  permit  reasonable  approximatio.iH  to  tlio  actual 
measured  values  (Table  I).  Note  that  in  the  case  of  targets  6  and  12  (Fig.  11), 
the  1/B"  glass  sphere  perforated  tlic  radiator  section,  yet  the  calculated  depths 
of  penetration  did  not  exceed  the  thickness  of  the  original  section.  In  the  case  of 
tile  aluminun>  target  No.  38{Figurc  16}  and  the  columbium  target  No.  31 
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(Figure  13)  spalling  was  observed,  yet,  here  again,  the  predicted 
depth  of  penetration  did  not  meet  the  thickhess  of  the  target  section. 

These  results  show  that  a  relatively  thin  target  can  be  perforated 
through  a  process  of  spalling  out  a  section  immediately  under  the 
actual  crater. 

Although  the  depth  of  penetration  in  targets  9  and  5  (Figures  12 
and  10  respectively)  exceeded  the  predicted  depth  required  to  cause 
spalling  and  partial  perforation,  no  damage  other'  than  dimpling  was 
effected  to  the  inner  tube.  This  effect  is  attributed  to  the  ability  of  the 
HS-25  liner  to  absorb  the  energy  of  the  shock  through  slight  deformation 
of  the  tube  (Figure  17)  just  as  the  polyethylene  was  deformed  in  the 
aluminum -polyethylene  laminate  (Figure  7).  Without  the  inner  liner  the 
aluminum  armor  is  spalled,  resulting  in  debris  being  ejected  into  the 
internal  fluid.  The  phenonriena  of  spalling  and  perforation  is  amplified 
in  the  case  of  a  flat  plate  target  over  that  of  the  cylindrical  target  section. 
The  proximity  of  the  free  surfaces  in  the  cylindrical  targets  results  in  a 
more  rapid  attenuation  of  the  pressure  pulse;  consequently,  the  cylindri¬ 
cal  targets  offer  more  resistance  to  penetration  than  the  flat  plate 
configuration  (Figure  6). 
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CONCLUDING  REMARKS 

An  attempt  has  been  made  in  this  report  to  alert  the  design  engineer 
to  the  many  target  design  parameters  that  affect  the  ability  of  a  composite 
vehicle  structure  to  prevent  hypervelocity  impact  damage.  Although  it 
is  impossible  to  teat  all.  or  even  a  small  percentage,  of  the  many 
suggested  vehicle  structures,  an' insight  can  be  gained  from  the  experi¬ 
mental  results  presented  herein,  of  the  behavior  of  several  generic 
targets  under  projectile  impact  and  intense  impulsive  loads. 

It  has  been  demonstrated  that  steps  can  be  taken  to  prevent  spall 
other  than  merely  increasing  the  structure  thickness.  By  employing 
carefully  selected  materials,  a  laminate  can  be  constructed  such  that 
it  will  provide  the  equivalent  protection  of  a  greater  weight  of  homogeneous 
material.  A  v.*'.riation  in  the  structure  shape  can  also  afford  greater 
protection  than  provided  by  an  equivalent  flat  structure.  The  laminated 
space  radiator  segments  are  an  application  of  these  protection  devices 
and  provide  an  example  of  a  structure  that  is  extremely  resistant  to 
spall.  These  are,  of  course,  only  a  few  of  the  possible  steps  that  may 
prove  beneficial  in  providing  protection  against  hypervelocity  impact 
but  do  afford  an  indication  of  the  weight  savings  that  may  be  realized. 
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Figure  2  Velocity  Stations  and  Impact  Chamber 
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Figure  3  Impact  Chamber 
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Figure  4  Effect  of  Target  Thickness  on  Penetration  and  Spall, 
for  for  Flat  Targets 
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Figure  5  Depth  of  Penetration  vs.  Target  Thicloiess,  for  Flat  Targets 
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Figure  6  Depth  of  Penetration  vs.  Target  Diameter,  Constant  Wall  Thickness 
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Figure  8  Depth  of  Penetration  vs.  Weight  of  Target,  for  Flat  Laminates 
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INCHES 

Figure  9  Impact  Crater  in  Typical  Radiator  Section 
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1/8"  GLASS  SPHERE 
PERFORATED 


Fitfuic  10  Projectile  Size  Effects,  Aluminum  with  HS-25  Liner  Targets 
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Figuri’  11  Target  ’« cmporalurc  Efforts,  Alumiiuiin  witli  HS-25  Li; 
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15°  FROM  CENTER 
NO  PERFORATION 
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Fiiiurc  12  ImpacI  Ani?lc  Effects,  Aluminum  with  HS-25  Liner  Targets 
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40°  FROM  CENTER 
NO  PERFORATION 


12°  FROM  CENTER 
PERFORATED 


3/32"  GLASS  SPHERE 
V  =  7. 81  km/sec 
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Figure  13  Impact  Angle  Effects,  Columbium  Targets  -  No  Liner 
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200"  COLUMDIUM  400"  AL.  ARMOR,  HS-25  LINER 

PERFORATED  NO  PERFORATION 


3/32"  GLASS  SPHERE 
V  ~  7.  56  kjn/scc 
700°F 


(APPROXIMATELY  EQUAL  WEIGHT 
PER  UNIT  LENGTH  OF  RADIATOR) 


Figure  14  Target  Material  Effects 
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0.40”  Al.  ARMOR  0.  02”  HS-25  LINER  0.47"  Al.  ARMOR,  NO  LINER 
NO  SPALL  ON  INSIDE  SPALL  ON  INSIDE 

NO  PERFORATION  NO  PERFORATION 


3/32"  GLASS  SPHERE 
V  =  7.  50  km/sec 
715'’f 


Figure  16  Liner  Effects,  Aluminum  Targets 
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Figure  15  Armor  Thickness  Effects,  Columbium  Targets 
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ALL  COLUMDIUM  0.20"  THICK  WALL  0.40"  AL.  ARMOR,  0.02"  HS-25  LINER 
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PER  UNIT  LENGTH  OF  RADIATOR) 


Figure  17  Internal  Tube  Damage 
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Fii;iuc  10  Typical  Impact  Crater  Section,  Aluminum  with  HS-25  Liner  Tarnet 
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ABSTRACT 


Tile  results  of  an  analysis  of  the  effects  of  meteoroids  on  nuclear- rocket  vehicles  for 
three  missions  are  presented.  The  probability  of  failure  to  complete  a  lunar  mission 
is  iicKliRlblc  foj’  an  unprotected  nuclear  rocket  wherein  the  nuclear  stage  is  used  only 
to  accelerate  the  payload  spacecraft  to  the  desired  earth-lunar  transfer  velocity. 
However,  If  such  an  unprotected  nuclear  rocket  is  also  used  to  retro  fire  the  payload 
into  lunar  oi'bit,  there  is  a  2%  probability  of  failure  to  successfully  oomplete  the 
nilH.sloii. 

In  the  ease  of  the  nuclear  orbital  transicr  vehicle,  the  unprotected  vehicle  probability 
of  failure  due  to  nietf'orold  diimiige  for  a  single  ITj  day  misMion  is  about  1U%  with  a 
virtual  eertnlnty  to  fall  to  nehliwe  a  de.slred  lifetime  of  30  to  50  missions.  A  shield 
of  (I.  ()3-liich  aluminum  iirouiut  tlie  liquid  hydrogen  pi’opellant  tank  rediices  the  pi-oba- 
blllty  of  lidluro  to  less  tlian  0.5%  fora  single  mls.slon  lor  both  the  lunar  and  orbital 
vehleloH,  However,  tlie  shield  thickness  should  be  increased  to  about  U.  2U  inch  for 
the  orbital  transfer  vehicle  and  results  in  maximum  vehicle  lifetime  puylond.  It  is 
fui'lher  (ivident  that  a  meteoroid  shield  of  such  thickness  and  large  welghl  shuuld  be 
Integrutcil  Into  llie  tank  design  to  provide  solnr  thermnl  radiation  innulation  to  reduce 
propelbmt  bollofi  uml  to  inereiise  struclurul  stiffness. 
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INTRODUCTION 


Nucloar  rockot  propeltod  spaco  vohlclos  will  bo  operational  about  the  turn  of  this  decade. 
Qocauao  of  the  markod  auporiority  of  nucloar  rocket  performanco  to  that  of  chemical 
rockols,  miaaion  flight  plans  In  many  applications  may  bo  oxpoctod  to  bo  quite  different 
from  those  of  proaont,  more  conventional,  chemical  rocket  systems.  For  example, 
the  nucloar  rocket  used  an  the  third-atago  of  a  boost  vehicle  from  earth  can  also  be  used 
very  effectively  to  retro  fire  n  psylnnd  vehiolo  into  a  lunar  nrblt.  Ilius,  the  very  largo 
nuclear  rocket  liquid-hydrogen  pro|)cllnnt  tank  and  engine  are  trnnsportoil  to  lunar  orbit 
and  Uiu  duiiKur  of  mutuoiold  duiiiugu  to  the  systurn  bocuiiiua  ol  tuncem. 

Hovoral  factors  govern  thu  nuod  for  and  design  of  inuteorolil  sliielding  fur  spoce  vehluloa. 
'lliu  first  factor,  utruudy  inentlonctl,  is  tlio  mlSHluir,  and  tliis  factor  is  partloulnrly  sig¬ 
nificant  with  nuclear  rocket  vuliiulus  liceuuso  of  tiieir  largo  Blr.o  and,  in  some  cases, 
lung  time  ux|inauro  to  mutenroids,  Tlirco  fuiulumcntally  dlffurent  nuclear  rocket  mla- 
sions  will  be  UHcd  to  lllualiutu  this  signifleunl  mission  offucl.  Itie  second  factor 
involves  knowledge  of  iiiclcorold  population  in  space,  niutcoruid  caiiabllity  of  penetrat¬ 
ing  spnee  vtddclc  structurcH,  mid  Ihc  crlllcnllly  of  niiy  pciuilratloiiH  to  the  successful 
coinpUllun  of  the  mission.  Ilic  llilrd  fnclor  concerns  the  cost  of  meteoroid  prnlnntlon, 
in  terms  of  reduced  payload,  to  Incrensu  the  probability  of  mission  success.  Hie  scennd 
and  third  factors  will  be  uiiiily/.ed  for  the  three  nuclear  rocket  missions  and  will  result 
in  certain  fundamental  definitions  of  meteoroid  shielding  design  and  mandatory  inctoorold 
penetration  technology  rcciuircmonts. 
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SYMBOLS 

The  following  symbols  are  used  In  this  paper. 

A  area  exposed  to  meteoroid  impact 

O  pellet  diameter 

H  Brineil  hardness 

,  Kg  constants 

P  probability 

p  dcptli  of  penetration  Into  .a  scml-inflnltn  target 

t  time 

V  velocity 

6  thin  plate  thickne.ss 

!>  density 

0  meteor  flux  above  an  indieuteil  meteoroid  muKs 

Subscripts 

C  eompunent 

Cj,Cg,ele  eoniponcnl  (] ),  component  (2),  et(^. 

component  (II) 

II  damage 

!■'  failure 

o  equivalent  unprotected  thin -plate  target 

P  penetration 

S  strike 

Sh  shield 

T  target 

V  vehicle 
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NUCLEAR  ROCKET  MISSIONS 

Tlie  nuclear  rocket  la  baalcally  a  very  large  vehicle  even  when  applied  as  the  third- 
stage  of  a  apace  vehicle.  For  example,  a  4000-megnwatt  nuclear  rocket  engine  applied 
as  the  thli’d-stage  propulsion  system  on  on  Advanced  Saturn  V  class  launch  vehicle 
would  properly  he  matched  to  a  250,000-pound  liquid  hydrogen  propellant  tarik.  Such 
a  possible  space  vehicle  is  shown  In  Figure  1.  Tils  nuclear  rocket  vehicle  consists  of 
a  nuclear-poworcd  third  stage  employing  a  nominal  4000-mcgawatt  nuclear  rocket 
engine  boosted  to  near  earth  orbit  by  the  chemical  first  two-stages  of  the  Saturn  V/N 
rocket  vcliicle.  Tlie  chemical  stages  are  the  S-IC  first  stage  and'thc  S-11  second  stage. 
Tie  complete  space  vehicle  stands  .18(1  foot  high  exclusive  of  the  payload  abort  system 
and  Is  HU  feait  In  diameter.  The  nueloar  stage  and  payload  section  Is  about  105  feet 
long. 

’llireo  mlHslouH  will  be  used  to  illustnite  the  iTfect  of  inlss.lon  flight  plan  on  meteiirohl 
shield  design  requirements.  Tic  first  and  soeimd  missions  eonsltlored,  innnned  lunar 
missions,  are  shown  in  Figure  2.  In  both  cases,  the  nuclear  rocket  stage  and  payload 
are  boosted  Into  low  earth  oi’blt  of  about  lOO-nautlcal  mile  altitude  by  the  first-  and 
second-stage  chemical  rockets  of  the  Saturn  V/N.  After  un  appropriate  systcin  check¬ 
out  accomplished  In  earth  orbit,  the  nuclear  rocket  engine  Is  fired  until  the  proper 
earth-lunar  transfer  velocity  Is  achieved.  At  this  point, one  of  two  mission  flight 
plans  may  be  adopted.  Tie  first  case  involves  separation  of  the  manned  payload  from 
the  nuclear  stage  upon  achieving  the  earth-lunar  transfer  velocity.  In  this  case,  the 
nuclear- stage  i)ropellant  has  been  exhausted  and  the  spent  stage  will  enter  a  solar 
orbit  and  the  manned  payload  vehicle  will  eomplele  the  lunar  mission  without  further 
need  of  the  nuclear  rocket. 

Tie  live  nuclear  stage  in  this  mission  would  have  been  exposed  to  the  meteoroid  haz¬ 
ard  for  about  4  to  5  hours. 
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Figure  2 
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In  the  second  lunar  mission,  the  nuclear  stage  contains  sullicient  remaining  propellant 
to  retro  lire  the  nuclear  stage  and  payload  into  an  appropriate  lunar  orbit.  Thus,  upon 
achieving  the  desired  earth-lunar  transfer  velocity,  the  nuclear  rocket  engine  is  shut 
down  after  an  appropriate  engine  cooldown  cycle  has  been  completed.  The  nuclear 
rocket  stage  and  payload  will  then  proceed  to  the  moon  in  a  60-  to  70-hour  transfer 
flight  time.  Upon  arriving  at  the  moon,  the  nuclear  stage  is  restarted  to  retro-fire 
the  nuclear  stage  and  payload  into  ah  appropriate  lunar  orbit.  The  payload  section  is 
then  separated  from  tlie  nuclear  stage  and  completes  the  manncd-lunar-landing  mis¬ 
sion  with  chemical  propulsion  systems.  The  nuclear  stage  is  no  longer  used  for  the 
mission  after  this  [loint  in  time  and  may  be  either  left  in  orbit  about  the  moon  or  may 
be  restarted  and  fired  into  a  solar  orbit  for  final  disposal. 

Figure  3  shows  the  nuclear  rocket  and  payload  as  it  would  appear  in  eartli  orbit  Just 
prior  to  rirlng  Into  the  <*iirth-Uinar  transfer  trajectory.  Figure  1  shows  the  nuclear 
rocket  and  piiyloiid  In  orbit  al»oul  tin*  moon.  'JTie  nuclear  rocket  engine  is  in  an  after- 
cooling  comllllon,  the  stag*',  retrorockels  are  firing,  ami  the  payload  chemical  pro¬ 
pulsion  systom  has  been  fired  and  separated  from  the  nueleai-  stage  for  the  flnaJ 
landing  upproaclu 

From  Figures  3  and  4,  it  is  apparent  that  tho  propellant  tank  of  the  nuclear  rocket 
stage  prcflonts  by  far  the  largest  exposed  area  to  moteoj’old  Imimct.  Tlie  nuclear 
rocket  eiigino  ami  other  itecessuries,  for  cxuniple  the  attitude  control  system,  arc 
relatively  small,  hi  uddillun,  a  niujor  portion  of  the  e.xposuil  uren  of  the.  nuelear 
rocket  engine  consists  of  relatively  thick  materials  difficult  for  most  meteoroids  to 
penetrate. 

Tlie  third  mission  to  be  considered  for  tlie  nuclear  rocket  space  veliielc  is  tlie  orbital 
transfer  mission  shown  in  Figure  5.  The  vehicle  would  be  similar  to  that  shown  in 
Figure  3.  The  purpose  of  the  orbital  transfer  vehicle  is  to  provide  an  efficient  method 
for  transferring  large  payloads  from  one  earth  oi-blt  to  another.  Hie  nuclear  orbital 
transfer  vehicle  after  being  initially  placed  in  a  parking  orbit  would  be  fueled  and 
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Figure  4  Nuclear  Rocket  In  Lunar  Orbit 
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lU'ovUlcd  'vlth  i)uylou(l  by  means  of  a  chomical  launch  system.  The  chemical  launch 
system  would  lioosf  a  propellant  tanker  Into  orbit  and  rendezvoused  with  the  orbital  trans¬ 
fer  vehicle.  Slnillnrly,  a  payload  soctiun  would  be  launched  and  rendezvous  with  the 
ei'bllal  trmisfor  vehicle,  llio  nuclear  orbital  transfer  vehicle  would  bo  used  to  trans¬ 
fer  the  iinylnnd  to  a  hli;h(!r  altitude  orbit  In  the  some  or  an  inclined  plane  to  the  park¬ 
in);  orbit.  ncenuHc  uf  the  very  hit(ii  siicclfle  lm|)ulsc  of  the  nuclear  rocket  cn);lne, 
l>nyloads  can  1)0  more  efficiently  IransportcHl  to  orbit  by  this  technique  than  by  other  teoh- 
niqucH  or  by  chemical  rocket  vehicles.  The  nuclear  orbital  transfer  vehicle  after  placing 
the  pnyloiid  In  the  appropriate  orbit,  which  might  bo  a  manned  orbiting  apace  station,  for 
cxam|ilo,  would  return  to  the  parking  orbit  either  with  on  earth  return  payload  or  to  pick 
11)1  a  new  (layload  anil  )iro)>i'lbinl  at  ii  Inler  lime.  Soeh  n  vehicle  Would  make  from  30  to  SO 
mlsHliins  during  its  lifetime.  Considering  that  a  single  mission  would  take  from  0  to  IS 
days  to  ciinqiletu,  the  vehicle  would  Im  cx|)oacd  to  meteoroid  impuet  and  damage  for  a  year 
or  more.  Thus,  wo  have  three  liaHleally  illfforent  nnolonr  rocket  space  vehicle  mtaslons: 
one  a  single  1  to  n  iiour  uso  uf  the  nuclear  roukvli  one  a  single  3-duy  use  uf  Ilie  nuclear 
rocket,  and  the  other  a  large  number  of  single  miuslons  ami  a  vehicle  lifetime  span  of 
u|i|ir(ixlinatuly  one  year  or  mure.  These  missions  will  bo  used  to  lllustruto  mission  effects 
oil  the  nieteorhsl  sbluUlIng  ))rnlilem. 

PHOIlAIUM  rY  t)K  VKIIICl.K  TAII.UHK 


liici'cusing  tile  iirulcctlun  for  a  nuclvur  ruekut  vobicle  to  nieteoruld  dumngc  fur  uillier 
uf  die  limiir  mlssluns  will  result  in  increased  |>rubnblllly  of  sucecssfully  cuiniilolliig 
the  mlsslun,  lids  Increuscd  reliability,  liuwevor.  Is  ubUdned  nt  tin;  oust  uf  dccrcns- 
liig  ))a.vluatl  ns  a  result  of  the  Increnseil  singe  Inert  weight  through  |>iovlsloii  of  ii 
meteoroid  shield.  The  orbital  transfer  vehicle,  on  the  other  hand,  must  consider  not 
only  .ilngle  mission  )iayUvid  costs,  but  also  tlie  lifetime  mission  )iiiyloiid  cost. 
Increasing  )irolecllon  of  this  vehicle  against  meteoroid  damage  results  not  only  in 
Increasing  single  mluslun  reliability,  but  iilso  increases  Iho  probable  vehicle  lifetime. 
Tluis,  increasing  meteoroid  jirotccllon  deereascs  the  single  mission  jiayload  as  It 
tlocB  for  the  lunar  mission  vehicles,  but  at  the  snine  lliiic  will  Increase  the  vehicle 
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lifotlme  pnyload.  To  obtain  specific  values  of  payload  costs  for  increased  roliubillty, 
n  systematic  technique  for  evaluating  the  probability  of  failure  of  a  veliicle  due  to 
meteoroid  damage  must  oc  applied. 

TIio  technique  employed  consists  basically  of  determining  the  probability  of  vehicle 
failure  due  to  meteoroid  damage  as  given  by  Eq.  (1).  The  probability  of  vehicle  fail¬ 
ure  is  simply  tlic  sum  of  the  failure  probabilities  of  individual  components  which  make 
up  the  complete  vehicle. 


WF 


s  P  -f  P 

*^C^F  ^  C^F 


^CgF-" 


+  P. 


(1) 


Hio  probability  of  component  failure  duo  to  meteoroid  damage  is  given  in  Eq.  (2)  and, 
it  Is  the  product  of  the  probability  of  a  metoorold  striking  a  component,  the  probability 
of  a  meteoroid  penetrating  a  component,  and  tho  probability  of  a  muleuruiil  having 
struck  and  punetrated  a  component  to  cause  the  vuhlclc  to  fail  to  complete  its  mission, 


Probublllty  of  Striking 

Consider  first  the  question  of  tho  probublllty  of  a  inuteorold  to  strike  any  particular 
cuinponunt  of  tho  nuclear  rocket  vehicle.  Shown  in  Figure  5  is  a  nuclear  rocket 
vehicle  in  earth  orbit.  In  this  study.  It  was  aBsumetl  that  tho  variation  in  meteoroid 
flux,  velocity,  and  mass  wllli  resixjct  to  oriuntutien  of  the  vohlelo  is  negligible.  Under 
these  conditions,  the  probability  of  the  meteoroid  to  strike  any  component  of  tho 
nuelear  rocket  vehicle  can  be  given  by  Eq.  (3). 

Pg  =  1  -  e  (3) 
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Equation  (3)  shows  that  the  probability  to  strike  a  component  la  a  function  of  the 
inoteorold  flux,  the  area  oi  tne  component,  exposed  to  meteoroids,  and  the  time  tor 
which  tho  component  la  exposed. 

Meteoroid  flux  lias  been  measured  in  experiments  of  various  Explorer  and  Vanguard 
aalcllltcs,  particularly  in  the  mlcromctcorold  range.  The  larger  and  heavier  meteor- 
oida  have  been  measured  by  photographic  and  radar  techniques.  Figure  7  shows  these 
data  and  Dalton's  (Ref.  1)  empirical  correlation  of  these  data.  These  values  of 
meteoroid  flux  linve  been  usctl  in  tills  analytical  study,  Tho  exposed  area  of  each  com¬ 
ponent  Is,  of  course,  given  from  nuclear  rocket  vehicle  design.  'Die  time  of  exposure 
to  meteoroid  Impact  Is  a  function  of  the  mission  flight  plan. 

Probability  of  Pcnctratlna 

'nm  probiihlllty  of  penetrating  any  eomponont  that  has  boon  struck  by  a  moloorold  has 
liccn  estimated  for  the  technology  available  on  hypcrvoloclty  impact  phenomena.  'ITie 
probahlllly  of  pciutlraUtig  a  component  llml  has  been  struck  by  a  mutuorold  will  be 
I'llhcr  y.cro  or  unity,  depending  upon  whether  tho  metoorlotl  has  or  has  not  ponotrutod 
the  coinpom-nl. 


Klgurc  H  prcHcnls  tho  Ilurrmumi  and  Jones  uorrolatiun  (Rut.  2)  relating  pullet  pono' 
tniiloii  into  a  Hcinl-lnfinlte  target  us  a  function  of  the  pullet  impacl  velocity.  Tho 
Herrmann  and  Jones  equation  Is  given  l)y  Eq,  (1) 


U 

D 


fn 


1  + 


Pq,  V 


Kg  Hq, 


(4) 


'l\vo  correlations  with  experimental  data  obtained  at  the  NASA  (Ref.  3)  arc  shown, 
'lliesc  expcrimentul  data  were  obtained  with  various  diameter  (1/lG  to  3/16  Inch) 
cojjpcr  pellets  impacting  aluminum  and  steel  targets.  The  Herrmann  and  Jones 
equations  corrollate  reasonably  well  with  lower  velocity  experimental  data  and  the 
higher  velocity  tlieorctical  predictions  of  Djork  (Ref.  4). 
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Tlic  Herrmann  and  Jonog  ctiuiUiun  us  given  by  Eq.  (4)  was  used  us  a  fundamental 

expression  for  predicting  the  depth  of  penetration  of  a  meteoroid  impacting  a  space 

vehicie.  However,  impacting  meteoroids  which  would  penetrate  a  component  of  a 

nuclear  rocket  space  vehicle  require  the  application  of  thin-plate  and  multiple-plate  '■ 

penetration  technology.  In  this  respect,  the  equations  of  Herrmann  and  Jones  are 

modified  in  accordance  with  Eqs.  (5)  and  (6)  which  relate  semi-infinite  target  data 

and  theory  to  thin  plate  and  multiple  plate  penetrations.  Hiese  correlations  were 

suggested  by  Bjork  (Ref.  4),  Klnard  et  nl.  (Ref.  5),  and  Humes  et  al.  Ref  (6). 

(S) 

6 

_  Jt  .X 


Klgnrc  !l  shows  the  pcnctrnllon  depth  ns  u  furn'tlon  of  pellet  velocity  of  cuppur  pellets 
on  Mil  aluminum  scml-lnflnlte  target,  both  with  and  witimut  u  thin  aluminum  ineteurlod 
shield.  As  ciui  be  seen,  iinpoHiiig  a  metouruid  shield  between  the  Impacting  pellet 
and  the  liirgcl  slgnificimtly  reduces  the  total  ponelrutlon.  'Die  llurnnunn  and  Jones 
o<iU(ill<m  prediction  Is  shown  by  the  solid  line  curve  for  tho  suml-lnflnitc  lurgot  dnta, 
but  ill  tills  case  indlcalos  about  a  'Ml  dlscrepuney  with  eKporimontal  data.  Applica¬ 
tion  of  the  thin  plulc  and  multiple  plate  penetration  correlation  (Eqa.  (Q)  and  (0)]  to 
the  Ilerrniann  iiiul  Jones  Eq.  (4)  yields  the  second  curve  shown  on  Hgurc  0.  'Hie 
reliillve  niagiUlude  of  tlic  predicted  effects  of  interposing  a  thin  aluminum  shield  urn 
about  tlic  siimc  ns  tlic  expeiimcntully  observed  effects.  However,  the  predictions 
are  still  about  too  low  in  the  range  up  to  22, 000  feet  per  second.  In  this  study, 
cxperiincntul  data,  where  uvuilable,  were  used  in  conjunction  with  the  Herrmann  and 
Jones  wiuulUms,  and  the  Herrmann  and  Jones  equations  were  used  independently 
where  cspcrlnicnlal  data  were  lucking. 

’llie  penetration  phcnoinena  requires  the  knowledge  of  meteoroid  velocity.  Reference  1 
pi'esenls  an  analysis  of  available  metcoriod  velocity  data  as  a  function  of  meteoroid 
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mass,  indicating  a  cursory  correlation  between  meteoroid  velocity  and  mass.  This 
uoi'uiiuiiuii  is  presenieu  in  rigure  iu  and  was  usco  in  tnis  study. 

Probability  of  Critical  Damage 

Tile  last  probability  factor  required  is  that  of  determining  the  criticality  of  compon¬ 
ent  failure  duo  to  meteoroid  penetration  on  the  vehicle  mission  success.  This  was 
(lotcnnlnud  from  an  engineering  fidluro  mode  analysis.  The  procedure  is  schematl-' 
cully  illustrated  in  Figure  11,  which  shows  a  nuclear  rocket  vehicle  and  payload. 

Tlio  nuclear  rocket  vehicle  has  been  broken  into  component  areas  of  various  critical¬ 
ity  to  missiun  success.  Certain  arcus,  such  as  tlic  aft  stage  skirt  and  portions  of 
tliu  Inlorstugo  area  lietwcun  the  propellunt  tank  and  the  payload,  are  not  critical  to 
meUuirold  damage.  Other  areas,  such  as  tlic  nuclear  rocket  engine,  attitude  control 
system,  niul  pressurization  tanka,  nre  i>xlr»>ini'ly  erltlenl  to  the  Buccoas  of  the  mis¬ 
sion  should  tliey  lie  penetrated  liy  »  moloorolrl,  Tlio  prnpellmit  ti'iiU  Itself,  because 
of  It.M  cstrcmcly  large  urea,  la  actually  llie  governing  eompimenl  lo  Ibu  success  of  fbi' 
mlHslon,  Tile  propolliuit  tank  consists  of  two  volumes,  one  being  tlic  ullage  space  and 
the  Ollier  cuntuiiiiiig  the  pru|icllunl.  Sliuuld  the  meteoroid  penetrate  the  tank  below  tho 
liquid  luvol,  data  froiu  Kef.  7  indlcutus  a  high  probublllly  of  tank  rupture,  Sliould  tho 
mctuorold  punotrute  the  ullage  space,  on  the  other  hand,  a  simple  penetration  would 
likely  occur  luid,  dupuiuUiig  upon  Uio  size  hole  and  the  time  at  wlilch  the  penetration 
oeeurred,  may  or  may  not  cause  the  nilsslon  failure.  These  data  luul  lechiilqucs  were 
applied  to  the  vehleles  sliuvvii  In  Flguros  4  uiul  b  uiid  the  niissiuns  shewn  In  Figures  3 
and  Ij. 


PHODADILITY  OF  FAILURE  AND  PAYLOAD  COSTS 

Figure  12  shows  a  cut  away  of  the  liquid  hydrogen  propellant  tank  and  reveals  its  basic 
design.  TTic  tank  consists  uf  an  aluminum  wall  approximately  0. 250  Inch  thick,  to 
which  is  bonded  an  internal  foam  insulation  about  1.5  inches  thick,  and  a  hydrogen 
vapor  varrlcr.  lomgitudinal  stiffeners  spaced  about  0  inches  apart,  externally 
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ui’ound  tho  tank,  complete  the  outBldo  contour  of  the  tank  wall.  Meteuroid  shields  of 
varying  thivknesses  from  0.02  to  0.2  inch  were  applied  to  the  exterior  of  the  tank  and 
attached  to  the  longitudinal  stiffeners.  Hie  results  of  the  investigation  are  shown  in 
Figures  13  and  14. 

Figure  13  shows  the  probability  of  failure  of  the  nuelear  vehicle  on  a  lunar  or  orbital 
transfer  mission  by  meteoroid  damage.  The  results  of  tho  study  revealed  that  when 
on  unprotected  nuclear  stage  is  disposed  of  upon  achieving  the  desired  earth-lunar 
transfer  velocity  at  earth  departure  (4-  to  5-hour  nuclear  stage  exposure  to  meteor¬ 
oid  damage  case),  tho  probability  of  failuro  to  complete  the  mlsalon  due  to  meteor¬ 
oid  impact  on  the  nuclear  stage  is  negligible.  However,  an  unprotected  nuclear 
r'jcket  veliiclu  on  a  3  day  lunar  mission  has  n  probability  of  failure  duo  to  meteoroid 
damage  of  about  2%.  IXirthormoro,  an  unprotected  orbital  transfer  vehiolo  has  a 
slngh^  mission  probability  of  failure  of  10%  by  virtue  of  the  fact  that  this  mission  Is 
of  noniimil  15  days  duration.  Ihn  unprotected  orbital  transfer  vehlulo  is  obviously 
unsultcd  to  the  mission  requiroments  us  Indloalud  by  the  rapid  inoroase  in  prnl>nl)ll<ty 
of  fidlui'u  us  the  numbor  of  missions  Ineruuses.  Aiipllcatlon  of  an  aluminum  shield  of 
as  small  us  0.02  inuh  thick  deuruusus  the  probability  of  fuiluro  for  u  single  mission 
to  less  Hum  0. 5%  fur  liullt  tho  Umar  luid  urbilul  transfer  vehlulus.  However,  the  orbital 
transfer  vehicle  shuuld  have  u  reusuiuible  lifetime  of  approximately  30  to  50  missions. 

If  tlu‘  probability  uf  failure  In  tills  llfulimo  is  to  be  hold  to  loss  thun  1%,  then  nn  alumi¬ 
num  nu’leorold  shield  greater  than  0.2  inch  tlitek  would  bo  required. 

Figure  14  shows  tlie  payload  oust  of  such  meteoroid  protuctlon  for  a  probability  of  suc- 
eesH  of  1)0%  for  an  orbital  transfer  vohlclo.  Ihe  single  mission  payload  capability  of 
the  ui'bitul  transfer  vehicle  Is  about  200,000  pounds,  and  if  u  slueld  UilcknesB  approach¬ 
ing  0, 2  inch  Is  used,  appro.ximatoly  20,000  pounds  of  inci't  weight  would  be  added  and  Is 
directly  sublruetublu  from  the  puyloud.  Two  significant  conclusions  con  bo  deduced 
frem  this  result.  One  is  shown  on  Figure  14  which  presents  tho  vehicle  lifetime  payload 
ns  a  function  of  the  number  of  missions  and  required  shield  thicknesses  to  achieve  the 
probability  of  success  of  99%.  It  con  bo  seen  that  the  vehicle  lifetime  payload  steadily 
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increaBes  with  the  number  of  missionB  in 
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apitc  of  the  fact  that  the  single  mission  pay- 

iiid  riculUsg  inert  weight  ineren^e' 


IlHi  second  lo  that  the  required  nietuorold  shield  is  of  such  thickness  and  weight  that 
it  can  servo  a  number  of  functions  In  adiH-tlon  to  providing  meteoroid  protection  to  the 
vehicle.  First,  the  shield  itself  may  be  1  ntograted  into  the  vehicle  structural  design 
to  ijrrvlde  additional  structural  stlffnesB  to  the  vehicle.  Second,  by  dividing  the 
inoteuruid  shield  into  three  or  four  lndi\|clual  shields  significant  solar  thermal  radia¬ 
tion  Insulation  can  bo  obtained,  reduclnR^nropollant  bolloff.  A  conceptual  design 
incorporating  those  features  is  shown  InFlipiro  in.  Specific  tradeoffs  among  these 
various  factors  are  prosontly  being  lnvi)sti[[utod,  but  Indications  are  clear  at  this 
point  that  U>e  true  cost  of  providing  imdecjrold  protection  to  spneo  vehicles  enn  bo  less 
tlinn  that  sliown  in  Figure  14. 


CONCl.UDlNfi  RF.MAnKS 

■I'lic  resulla  of  llie  study  huv«*  ImllcaUul  u  number  of  Imporlanl  ureas  of  rct|iilrcd 
ri'scaircli  in  meteoroid  sbluld  and  penelriallon  phenomena.  'I’hey  are  as  follows: 

1.  Data  are  sketchy  rogui'dlng  Ihii  niuluuruid  ehuructurlstieu  of  flux,  muss, 
denslly,  velocity,  and  dlslribiit  ion,  Of  purlleulur  need  are  dulu  I'eveullng 
the  charuelorlHlleN  of  (he  heavl  ur  meicoroldH  (lo"‘*  grams  and  heavier), 
ii.  AdiUlional  I’oseureh  is  reiiuartii  in  belli  Iheorolleul  and  oxiiorl menial  areas 
*if  Ihla-plale  aiul  muUiplo-pluti*  neaelrullon  phenomena,  pnrlleularly  at 
volwIUcH  in  excess  of  h(l,  UOiJ  reel  per  Mi:eond. 

:i.  Data  are  required  regarding  iiellot- pcnclrallon  of  iiuiks  of  liquid  mid  gaseous 
hydrogen  revenllng  the  nature  v)f  resulting  tank  laqilure.  Doth  the  compress- 
IbiHly  of  liquid  and  gaseous  hydrogen  and  the  extremely  low  tcniperaluro 
eondltlons  imposed  by  liquid  hyilrogen  arc  significant  imrumetors  requiring 
cvaluuUun. 

4.  Additional  delallcd  design  of  in  ctcoi'old  shields  which  have  been  integrated 
into  the  vehicle  structural  dcnign  must  be  made,  giving  recognition  to  the 
solar  thermal  nuUatien  proUi:  tiun  und  tank  structural  stiffness  available 
through  proper  use  of  mctcoioid  Bhicldlng. 
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SUMMARY  -  PERFORATION  AND  PROTECTION 


INTHODXTXON 


Whan  tha  Sixth  lagpact  Stjnapoalw  waa  plannad,  it  wu 

diridsd  into  faar  ssssicM.  TourniwiBa-  ivanrjr^ 

and  Applloatlon.  Baaad  on  paat  axparlnea,  this  waa  a  logloal  dlvlalont 
howaTart  thla  jraar  for  tha  flrat  tu»t  thara  waa  a  larga  nuobar  of  ptpara 
praamtad  which  daalt  with  othar  than  hcnoganaoua  quaai-lnflnita  targata# 
lh«t  ia,  thara  wara  many  papara  daallng  with  panatratlen  of  thin  plataa, 
epaoad  plataa,  «id  aoaq)oalta  targata*  Aa  a  raatilt  whan  tha  ooanlttaa  mat 
aftar  tha  ayapoalua,  thay  raorganiaad  tha  papara  into  tha  aora  praotioal 
braakdown  raflaotad  In  thaaa  proeaadlnga. 

It  la  fitting  that  thia  Sumnaxy  ahould  ba  praparad  by  tha  Air  Foroa, 
partloularly  by  Oataohaant  4,  AJ5>.  lha  Air  Foroa  haa  a  apaolfio  Intaraat 
In  projaotlon  taohniquaa  aa  tha  naoaaaaiy  toola  to  aoeoapllah  a  job,  and 
in  tha  panatratlon  of  thick  and  quaai-lnflnita  targata  both  for  aoadODio 
raaaona  and  to  aid  in  indaratandLig  tha  aora  raaliatio  oaaaa  of  panatrm- 
tlon.  Kowavar,  our  raid  intaraat  la  In  tha  appUoation  of  tha  knowladga 
of  hyparvalooity  Impaot  phanomana  to  tha  dafanaiva  and  offaoalra  problana 
of  dafanding  our  aaroapaoa  aahiolaa  and  darlalng  maana  of  dafaatlng  thoaa 
whloh  ara  a  thraat  to  our  aaourity. 

Tha  Information  praaantad  in  thia  aaaaoblaga  of  papara  ocntalna  tha 
baat.  and  moat  up-to-data  traataani  of  fragment  laUiality  againat  flnita 
targata  availabla  in  tha  UNCUSSIFUD  lltaratura. 


DI3OU3SI0N 


Of  tha  tan  papara  whloh  praoada  thia  SuBnaiy,  I  will  diaouaa  tha 
laat  nina,  aa  Or,  aamow*a  Introductory  Pqxar  waa  not  aaallabla.  lha 
nlna  ware  arraigad  In  order  by  tha  aya^aiia  oonlttea,  baginning  with 
tha  pipara  on  Thaory  «id  ranging  throu^  Ixparlmantation  to  Application. 
Of  oouraa,  they  cannot  all  bt  olaarly  aaparatad  into  ona  of  thoaa  oata~ 
gorlai,  aoBM  anoonpaaaing  aora  th«i  ona  group. 

lha  flrat  thraa  raporta  to  ba  oonaldarad  contain  thaoratioal 
tromtaonta  of  hydrodynaalo  iiqiaot  Into  thin  plataa.  Aa  might  bo 
axpaotad,  all  thraa  approaohoa  ara  difforant  -  alao.  tha  roaulta  ara 
diffarant.  1b  raadora  axqiorionoad  in  thia  flold,  thla  dooa  not  coma 
aa  anjr  axtrprlaot  to  thoaa  nawccaora,  It  ahould  aonro  to  point  out  tha 
axtram  ooq>laxlty  of  tha  problom  and  tha  iiffeot  of  making  varloua 
aaavjDuptlona  on  "nagliglbla"  faotora. 


SUMMARY  -  PERFaiATION  AND  PROTECTION 


Mr.  Krwiaa’a  traatAant  i*  a  tw>-<lljaanalenal  anal/alst  which 
oonaHai'?  th«  oftan-naglaotad  factor  of  radial  valooltF.  lha  alaqtUljrlng 
asmastl'Bis  BWch  war*  made  aral  fl)  tarsat  and  praleeWl#  are  nf  tha 
aama  iutailalt  (2)  targat  and  projaotila  babara  aa  rlaeotta  flnlda  (hard- 
naaa  and  utraugth  naglaotad),  and  (3)  ooqpraialbllltjr  of  bi)th  targat  and 
projaotila  la  iouui'ad.  Of  thaaa  thraa,  tha  flrat  will  not  emtxlbnta 
orror  to  tha  aolutlon*  but  will  Halt  Ita  qipllaatlon.  lha  aaeond  can 
bo  ahown  by  as^pailaant  to  introduoa  alsalfleant  arror  -  at  laaat  lu  tha 
▼aloolty  range  whara  wa  haaa  aiparloantal  taohnlquaa  arallabla  for  oon- 
flraatlon.  lha  BMgnitnda  of  orror a  eontrlbutad  ^  tha  third  aaauaptlon 
cannot  bo  dotarmlnad  at  thla  tlae.  lha  aMthanatloal  foraiilatlon  praaonto 
aquatlona  which  aro  capabla  of  aolution  in  oovaral  dagraoo,  tha  aolutlcn 
proaantad  la  a  flra^«rdar  approalnatlon.  Parhapa  thla  flrat  approida^ 
tlon  la  aa  aeeurata.  In  ooaparlaon  with  the  real  oaaa,  aa  oan  bo  aaaurad 
froa  the  aoouq>tion  of  tha  Initial  oonditlcDat  without  raaortlng  to 
oag>*rloal  oonatnta  to  oorraot  for  atrangth,  ate? 

Mr.  Sandorf,  In  hla  davalopawnt  of  aataeroid  biq>ar  daalgn  orltarla 
da.-alopa  a  ona-dliaanolonal  aolutlnt  of  optiaun  buopar  thloknoan.  Ho 
ccneldara  aavaral  buapar  nd  projaotila  aiatarlalo  at  tha  Intaroatlng 
Taleoltiaa  of  20,000  tpa  (typical  of  waapona  application)  and  100,000  fjpn 
(typical  of  mataorold  iapaot).  9ia  aaanagptlon  la  mada  that  optlaua 
thioknaaa  of  ahlald  la  that  whloh  will  aubjaot  tha  antlra  projactila  to 
ahook  load  bofora  tha  rarafaction  wava  froa  tha  unboundad  raar  targat 
aurfaoa  "oanoala"  tha  iapaot  praaoura.  lha  raaulta  tabulated  for  opti¬ 
mum  buopar  thleknaaa  at  20,000  fpa  lopaet  Taloeity  aro  about  ona-half  of 
that  ooncludad  by  Kaldon  in  hla  paper  -  however,  agraaeNnt  to  within  a 
factor  of  two  la  not  bad  in  thla  relatively  now  area.  Parhapa  aoaa  of 
thla  diaagraataant  oould  ba  attributed  to  edga  affaota  In  tha  unbounded 
projaotila.  Intaraatlngly,  Sandorf'a  figurea  for  100,000  tpa  aaaantlally 
agree  with  Naldan'a  for  valooitlaa  around  30,000  fpa. 

Mr.  Malden,  in  hie  paper,  diacuaaea  data  on  aa  aaparlaentaX  and 
thaoratloal  atudy  of  buapar  plate  affeati ^aa  In  protootlng  apaea 
vahlolea.  lha  azparlaiautal  progra  oonaiderad  the  affaot  of  aavaral 
faotora,  varied  alngly.  Siaaa  factora  aro  ahlald  thioknaaa,  ah) eld 
aatarial,  ahlald  atrang^,  md  iapaet  velocity.  PoUcwlBg  hla  dlaouaalon 
of  axparlmantal  data,  Mr.  Maldan  avolvaa  a  rathar  oaqjleta  theoratleal 
treatoMnt  of  thin-plate  panatratlon  affoota.  Aftei'  dlaouaalng  tha 
theoratleal  effect  of  the  aaoe  varlablea  ooverad  In  the  aapexlaental 
progran,  he  goaa  on  to  ooopare  tha  theory  with  experiaental  data  and 
points  out  dlaorapanelea  and  poaaible  aaplsiatlona.  Thu  fact  that  Hr. 
Malden  had  aooeaa  to  vuoh  a  wealth  of  valid  exparliaantal  data  makaa 
thla  paper  extraaaly  valuable  in  underatandlng  lopaet  affaota  on  biiq;>ar 
platea. 

Tha  paper  by  Maaara.  Mortaoaen,  Parguaon,  Joyoa  cid  Kreyenhagen 
contalna  an  oialyola  of  the  largaat  alngle  ooUaotlon  of  thln-plate 
Inpaot  data  available  at  this  tioe.  Several  types  of  projectllea  are 
considered,  notably  dlaoa  of  L/D  ratio  one-third  and  Irregular  ohunky 
fragmante  formed  fron  ehaped-ohorge  Jata.  Valoeitlea  range  to  near- 
40,000  fpa,  the  higher  valooitlaa  being  obtained  with  the  ahoped-chorge 
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J«ts<  Bcoausa  of  tha  natura  of  tha  toohnlqua,  the  exact  naaa  and 

olosaljr  aatdaatad  by  flash  radiography,  md  alnoa  It  la  the  only  arall^ 
able  data  In  thla  Talcoity  range,  it  la  of  algnlfloant  ralua. 

Maairoi  Wataon,  Baokar,  and  Olbaon  praaant  an  aoparloal  study  of 
penetration  efleota  upon  tairgata  near  tha  penetration  Ualta  of  the 
proJeotUaa  oonaldarad.  lha  paper  dlBouaaaa  the  nuriier,  nasa,  and 
Tsloolty  dlatrlbution  of  proJaotUa  mass  and  target  ajaota.  The 
Tsloelty  range  oonsldarad  la  6,000  to  15,000  fpa*  Iho  mric  la  unlqaa 
and  aapaolally  Intaraatlng  alnoa  It  oovera  tha  nomally  unpredlothUa 
transition  range  where  steal  projaotlls  penetration  into  alualnim  tail¬ 
gate  rarlea  from  klnailo  theory  on  tha  low  and  to  hydrodynanlo  at  the 
upper  end. 

Maasra.  Rsynolda  and  BoDone  dlacuaa  an  experliaantal  STaloatlon  of 
apaoad  plate  protaotlcn  taohnlquaa.  Basloally,  they  oonslder  tha  lapaot 
of  Pyrax  and  ataal  partlolas  Into  target  oonfl^ations  oonalatlng  of 
thin  plates  asparatad  by  foaai  and  honayooab  struoturaa.  IWo  apaoifle 
points  of  apeolal  algnifloanca  are  brought  out  within  the  limita  teatadi 
(1)  the  protaotlve  afflotenoy  InoreaBed  aeientlally  linearly  with  da- 
oreatlng  bumper  thlolcn«ae  and  foam  density,  and  (id)  flberglna  fabric 
waa  more  effioleat  as  a  bumper  than  was  aluminum. 

In  his  paper  oonoeming  aeir-aeaLllng  struoturaa.  Hr.  D*Anna 
dlsnusaea  both  ohaadoal  and  naohanloal  saalanta  for  atruotural  Tohielas. 
Hie  atudy  la  both  analybloal  and  axparlantal.  Ihis  is  a  different 
approach  to  the  ana  probloa  diaousaad  in  earlier  popara  by  Malden  and 
Remolds  and  teona.  It  would  appear  that  if  wolght  wore  tha  deciding 
faotor  the  aalf-aaoling  atruoturaa  sight  lose  out  to  tha  apaoed  platea. 
Alan,  the  axparlaantol  work  by  D'inna  waa  oonduetad  at  only  7*000  fpa, 
whloh  Is  not  In  the  true  hyparvoloolty  mga.  At  lapaot  Tslooltlas 
whioh  aro  In  axoaas  of  tha  shook  eolooltloa  la  tiM  aatailals, 

tha  affaots  aay  be  slgniftoantly  dlffarant  than  thoaa  obaairod. 

Mr.  MoMUIan’a  work  la  rapraaantatlya  of  an  area  in  whloh 
inoraaaad  enphasla  will  be  plaoad  la  the  future.  It  la  valid,  wall^ 
oontroUad  axparlaantol  data  on  hyparvaloolty  lapaot  Into  raallstlo 
targets.  The  faot,  as  avldenoad  In  earlier  p^ers,  that  we  caimoi 
yet  obtain  valid,  thaoratloal  pradiotiona  of  lapaot  affoote  Into  alapl.s 
targets  praoludsa,  for  tha  tine  being,  our  ability  to  prodiot  tha 
effeots  reported  In  this  paper.  Kuoh  aora  work,  of  this  kind  la  nasdad 
to  even  obtain  a  good  aqilrloal  understanding. 

Maaara.  Starbsnti  wd  Long  dlacuaa  the  mstaorold  threat  to  ^ha 
Buocaas  of  tha  nuolaar  roal^at  alaalon.  IWo  poBaibla  designa  foi  the 
protaotlcn  md  struotura  of  tha  Ucfuld  hydrogen  tank  ora  glvon.  The 
paper  pointe  out  tha  need  for  mors  lapaot  data  on  multiple  thin  '.argata. 
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In  ■moaxy,  *  Inrga  aaouut  of  data  haa  bMn  prasantad  ui  lopaoti 
Into  thin  targatat  Indicatlva  of  tha  growing  intaraat  in  thla  araat 
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